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Zebrafish is an important vertebrate model organism that has helped researchers to unveil 
many interesting biological questions, especially those related to early embryogenesis. 
However, our current knowledge on zebrafish gonad differentiation and function is 
limited. Juvenile hermaphroditism is the mode of gonad differentiation where both 
mature ovary and testis are developed from the bipotential ‘juvenile ovary’.  Oocyte 
apoptosis is thought to be involved in the gonadal transformation process. To investigate 
the role of apoptosis during testis development, we chemically suppressed apoptosis 
using a broad spectrum anti-apoptotic drug. In our study, when apoptosis was blocked 
during gonadal transformation, testis development was remarkably delayed. After one 
week of treatment, prospective individuals destined to be males underwent gonadal 
transformation, suggesting the necessity of oocyte apoptosis during testis formation in 
zebrafish. Moreover, expression profiling using Gonad Uniclone microarray also 
provided evidence for delayed gonadal transformation at the transcriptiome level. We 
also studied the role of sex steroids during gonad differentiation and in adult gonads. The 
hormonal balance is essential for the maintenance of spermatogenesis and 
folliculogenesis in adult zebrafish. Intriguingly, estrogen depletion in the adult testis 
caused enhanced male function at molecular level. We have also analyzed the expression 
of a number of steroidogenesis-related genes during gonad differentiation. Our results 
showed reciprocal expression of these genes during gonad differentiation: foxl2, 
cyp19a1a, cyp11a, hsd3b and cyp17a1 in ovarian differentiation and star, nr5a1a and 
cyp11b2 in testicular differentiation. In order to broaden the understanding of zebrafish 
testis development, we invested our effort to identify early testis markers in zebrafish. As 
a result, we have identified and characterized zebrafish androgen receptor and two other 
 viii 
spermatocyte-specific novel genes (scx1 and hsf5). Comparative analyses showed that 
steroidogenic acute regulatory protein (star) gene is the earliest testis differentiation 
marker in zebrafish. Our overall findings indicate that the ratio of estrogen to androgen 
may play an important role in gonad differentiation in zebrafish. 
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Chapter 1 Introduction 
 
Reproduction is a unique ability of living organisms. It is the essential miracle by which 
life’s endless journey continues to flow from one generation to the next. The question 
how an individual’s sex is determined has dwelled over inquisitive human minds since 
the dawn of human civilization. One of the most decisive and defining moments in our 
lives is fertilization, the point at which we are determined as either males or females 
depending on whether we inherit an X or a Y chromosome from our father. Initially, the 
gonadal primordium is indistinguishable between two sexes. This bipotential gonad has 
the amazing ability to switch on one of the two developmental programs in response to a 
sex determination signal. Although the sexual fate in mammals is determined at 
fertilization, this fate begins to unfold only during embryonic fetal development when the 
gonad starts to differentiate as either testis or ovary.  All secondary sexually dimorphic 
characteristics of both male and female are thought to follow from the gonadal sex 
differentiation and their acquisition of endocrine function. Thus, “sex determination” 
designates the mechanism that directs the sex differentiation, whereas “sex 
differentiation” refers to the subsequent development of testis or ovary from bipotential 
gonad (Fig. 1). 
 
Sex determination is considered to be extremely diverged among vertebrates. Currently, 
two sex- determining genes, Sry (Sinclair et al. 1990) in mammals and dmy (Matsuda et 
al. 2002; Nanda et al. 2002) in teleost medaka (Oryzias latipes) have been identified. 
However, two of the twenty closely related species of medaka have this dmy gene and its 
2 
Fig. 1: Schematic representation of the sequence of events during gonadal 


















structure is entirely different than Sry. Furthermore, Sry gene does not even exist in some 











In contrast, many factors governing the sex differentiation are likely to be conserved 
among vertebrates. For instance, sox9, amh, and dmrt1, have been implicated in the 
testicular differentiation of several vertebrate species (Sinclair et al. 2002a). Estrogen 
plays a very important role throughout ovary differentiation in nonmammalian 
vertebrates including fish (Devlin& Nagahama 2002), amphibians (Hayes 1998), reptiles 
(Pieau& Dorizzi 2004) and birds (Smith et al. 2007), as opposed to eutherian mammals 
where it appears to be involved only during the later phases of the process (Park& 
Jameson 2005) 
Our current knowledge of the sex determination system in vertebrates can be classified 
into two broad categories: genetic sex determination (GSD), in which the sexual identity 
is determined by the presence of asex chromosome or autosomal genes, and 
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environmental sex determination (ESD), which depends on extrinsic cues such as 
temperature, population density, exogenous hormone etc. Fish, amphibians, turtles and 
lizards display versatile methods of sex determinations including GSD and ESD 




Fig. 2: Sex determination mechanisms are diverse among vertebrates. XX/XY and 
ZZ/ZW refer to male and female heterogametic systems respectively, while 
homomorphy refers to GSD in the absence of differentiated sex chromosomes. TSD 
refers to temperature-dependent sex determination. The above diagram has been 
adapted from (Barske and Capel 2008).  
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1.1 Sex determination and gonad differentiation in vertebrates 
1.1.1 Fish 
Fishes display various types of sexuality: from gonochorism to hermaphroditism and 
from genetic sex determination to environmental (see Table 1 and Fig. 2). Molecular 
mechanisms for sex determination in teleosts are largely unknown, with the exception of 
the Japanese medaka. Unlike mammals, there is no such simple model of genetic sex 
determination system generalized to all fish species. Both male (XX/XY) and female 
heterogamety (WZ/ZZ) has been reported, as well as more complicated scenarios 
involving multiple sex chromosomes, polygenic sex determination and autosomal 
modifiers. Different types of hermaphroditism are also found (Devlin& Nagahama 2002; 
















Table 1: Mode of sexuality in teleosts  
 
Differentiated
Individuals develop  as either males or females 
directly from bipotential gonad and maintain the same 
sex throughout their life
 Japanese medaka (Oryzias 
latipes ), Nile tilapia 
(Oreochromis niloticus  )
Undifferentiated
 First, development of  interesexual/immature gonad 
and then differentiates into either testis or ovary and 
maintains the final sexual phenotype 
Zebrafish (Danior rerio ), 




Development of testicular and ovarian parts that reach 
maturity at the same time within the same fish. 
Sometimes, self-fertilization occurs. 




Individual fish first produce one gamete type, then sex 
reversed and produce other type in a subsequent 
spawning cycle. 
Male to female: Black progy 
(Acanthopagrus schlegeli ); 
female to male:  Barramundi 
(Lates calcarif )
Natural gynogenesis
No male fish in this species. Sperm from other  
closely-related species activate oocyte without  
contributing its genome  resulting all female 
population.




Results hybrid all-female population in which both 























The presence of a heteromorphic chromosome pair in the karyotypeof a species is the 
hallmark for the existence of well differentiated sex chromosomal system. Only a tiny 
fraction (~10%) of the 1700 species analyzed showed karyotypically distinct sex 
chromosomes (Devlin& Nagahama 2002). Importantly, due to relatively small size of the 
fish chromosomes, limitations of the current cytogenetic techniques make it difficult to 
observe the cytogenetic differences between heteromorphic pairs of chromosomes (Gold 
et al. 1980).  
 
The gonad differentiation in teleosts is greatly influenced by steroid hormones since fully 
functional sex reversed individuals can be achieved by treatment with steroid hormones. 
Yamamoto’s  first observation regarding estrogen treated sex-reversal phenomenon in 
medaka [Oryzias latipes; (Yamamoto 1953)] has stimulated a wide range of 
investigations on the effect of sex steroids during gonad differentiation in other teleost 
species (Cheshenko et al. 2008; Devlin& Nagahama 2002). Later, it was postulated that 
endogenous sex hormones act as natural inducers during sex differentiation (Yamamoto 
1969). Another intriguing observation on the significance of steroid hormones in the 
gonad development came from a graft transplantation experiment, where trunk regions 
containing the gonads of newly hatched fry of medaka were transplanted into the anterior 
eye chamber of an adult medaka (Satoh 1973). Genetic male grafts developed into a testis 
irrespective of sexuality of the host. On the other hand, the graft from a genetic female 
developed into an ovary in the female host, while an abnormal gonadal structure 
containing spermatogenic cells was observed when it was transplanted in the male host, 
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suggesting the importance of male hormones for the sex reversed phenotype (Satoh 
1973).  
The role of steroid hormones during gonadal sex differentiation can be assessed by 
treating fish with steroid hormones, inhibitor of steroidogenic enzymes and steroid 
receptor antagonists (Baroiller et al. 1999; Devlin& Nagahama 2002). Measuring steroid 
hormone levels during gonad differentiation or studying the expression profile of genes 
involving in steroidogenic pathways (Ijiri et al. 2008; Rougeot et al. 2007; van den Hurk 
et al. 1982; Vizziano et al. 2008; Vizziano et al. 2007) also provides important 
information. Moreover, several histochemical and ultra-structural studies have identified 
steroid- synthesizing cells in some species (Nakamura et al. 1989; Strussmann 2002).  
 
The induction of sex reversal using exogenous steroids depends mainly on the timing of 
the onset of treatment, duration of treatment; and the dose and the type of hormone used 
(Devlin& Nagahama 2002). In general, most investigations in gonochoristic fish suggest 
that gonadal sex phenotype can only be manipulated around the period of sex 
differentiation. However, this notion has been revised recently, as several observations 
showed that the sex-reversal phenomenon can be induced at post sex-differentiated stage 
and this sensibility of sex inversion treatments can be extended to adult fish (Guiguen et 
al. 2010).  On a related note, it is quite puzzling that most of attempts to masculinize or 
feminize fish using androgen receptor antagonists have failed, exerting limited or no 
influence on the sex ratio (Baroiller et al. 1999; Kuiper et al. 2007; Navarro-Martin et al. 
2009). On the other hand, estrogen receptor antagonist, tamoxifen has been found to 
either produce no deviation of the sex ratio (Guiguen et al. 1999) or to be able to produce 
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masculinization of genetic females in some other species (Kitano et al. 2007) although in 
many cases no complete masculinization were obtained (Guiguen et al. 2010).  
 
1.1.2 Reptiles 
Many turtles, some lizards and all crocodilians exhibit temperature-dependent sex 
determination where the incubation temperature during temperature-sensitive period is 
the determining factor for the offspring’s sex (Pieau& Dorizzi 2004; Pieau et al. 2001; 
Western& Sinclair 2001). For instance, in case of a marine turtle (Lepidochelys olivacea), 
eggs incubated at 26oC gave rise to males, whereas eggs incubated at 33oC yielded 
females. Interestingly, the gonadal masculinization was associated with the expression of 
a testicular gene, sox9 (Moreno-Mendoza et al. 2001). Unlike in mammals, primary sex 
determination in reptiles is sensitive to steroid hormones, estrogen in particular. Estrogen 
can override the temperature and induce ovarian differentiation in reptiles, even at 
masculinizing temperatures. Similarly, eggs injected with inhibitors of estrogen generate 
male offspring even at female-producing temperature (Belaid et al. 2001). It appears that 
the enzyme aromatase, which converts testosterone into estrogen, is critical in 
temperature-dependent sex determination. The aromatase activity of European pond turtle 
(Emys orbicularis) is very low at the male promoting temperature of 25oC, while at 
female-promoting temperatures of 30oC, aromatase activity is increased dramatically 
during the critical period of sex determination (Desvages et al. 1993). 
 
Recently, it has been proposed that warm temperatures either directly or indirectly cause 
the increased production of estrogen within undifferentiated gonad, which in turn directs 
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the ovarian development while inhibiting testis-specific gene expression. On the other 
hand, at male-producing temperatures, localized estrogen production within gonad is 
inhibited. Testis-specific genes such as sox9, dmrt1 and amh are up-regulated in the 
absence of aromatase, which lead to testis determination and development (Ramsey et al. 
2007; Shoemaker& Crews 2008).  
 
1.1.3 Birds 
Avian sex is determined by a ZZ/ZW sex chromosome system, which is characterized by 
female heterogamety (ZW) while the males are homogametic (ZZ). Unlike Mammals, the 
testis-determining SRY gene is absent in birds. The molecular mechanism of sex 
determination in birds has been solved very recently (Smith et al. 2009). Two hypotheses 
have been proposed governing avian sex determination. Sex in birds might be determined 
by the dosage of Z-linked gene (two for a male, one for a female) or a dominant ovary-
determining gene(s) located in W chromosome or both may work together (Smith et al. 
2007).  
 
Over the years, dmrt1 (dmy related, located on Z chromosome) was considered to be the 
most promising candidate sex-determining in birds. Z-linked dmrt1 (Drosophila 
Doublesex and C. elegans Mab-3 Related Transcription factor 1) is believed to escape 
dosage compensation. In the chicken embryos, this gene is expressed specifically in the 
gonads and Mullerian ducts with higher expression in males compared to females prior to 
and during gonadal sex differentiation (Govoroun et al. 2001; Raymond et al. 1999). 
Recently, it has been demonstrated that dmrt1 is the elusive sex-determining gene in bird.  
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Knocking down of dmrt1 by RNA interference (RNAi) caused the feminization of the 
embryonic gonads in genetically male (ZZ) embryos (Smith et al. 2009). In the chicken 
embryo, the expression profile of some mammalian orthologs such as nr5a1 (sf1), sox9, 
amh, dax1, wint4 is consistent with their conserved roles in gonadal sex differentiation 
(Smith et al. 2007).   
 
1.1.4 Mammals 
In most mammals, the sex of the organism is determined by the presence or absence of 
the Y chromosome. The male-determining gene, Sry located on the Y chromosome acts 
as a molecular switch for the male differentiation pathway. The genetic basis of sex 
determination in mammals was first suggested by Theophilus Skickel Painter, when he 
discovered that all males are XY, while all females are XX (Painter 1923). Two decades 
later, Alfred Jost demonstrated the importance of the gonad as the regulator of dimorphic 
sexual development. His groundbreaking experiment in the area of reproduction biology 
revealed that the removal of undifferentiated gonads from fetal rabbits in utero led to the 
development of females, regardless of their genetic background (Jost 1947). Based on 
these experiments, he concluded that the male sexual development could be considered as 
active where the contribution of the gonad is obligatory. On the other hand, the female 
sexual development could be considered as default state (passive) that can be established 
in the absence of a gonad. Jost also suggested the existence of a male-determining 
pathway regulating the bipotential gonad for the formation of the testis. This idea 
eventually set the foundation for the subsequent exciting and overwhelming research 
concerning the sex determination. By analyzing the genetic basis of Turner’s Syndrome 
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(where all individuals have only one chromosome, XO and develop as phenotypic 
female) (Ford et al. 1959) and Klinefelters’s Syndrome (XXY, all develop as male) 
(Jacobs& Strong 1959), it was confirmed that the Y chromosome directs the male sexual 
fate. Finally, using a genetic approach, the male-determining region in the human Y 
chromosome was narrowed down to a gene, named SRY (Sinclair et al. 1990). The 
conclusive proof was established thereafter by transgenic approaches in mice. XY mice 
with no functional Sry develop ovary while XX mice with a transgenic autosomal copy of 
Sry develop a testis (Gubbay et al. 1990a; Gubbay et al. 1990b; Koopman et al. 1991). 
All these mice were sterile in the absence of a Y-chromosome, which is the part and 
parcel for spermatogenesis (Koopman et al. 1991).  
 
The testis development pathway is first substantiated through the differentiation of 
supporting cell lineage in the bipotential gonad into Sertoli cell, which is thought to act as 
the organizing centre for male gonad development. Sertoli cells are believed to 
coordinate the differentiation of other cell types in the testis  (Wilhelm et al. 2007).  
Supporting cell lineage appears to serve as precursors either for Sertoli or follicle 
(granulosa) cells which are required for ovary development. Testis differentiation is 
triggered by the expression of Sry in the subset of somatic cell precursors (pre-Stertoli 
cells) of the  XY gonad (Wilhelm et al. 2007). The bipotential gonad provides a unique 
environment where Sry is expressed since ectopic expression of Sry outside this tissue 
does not lead to differentiation of Sertoli cells (Kidokoro et al. 2005). 
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The first target gene known to be expressed downstream of Sry is Sox9 (Sry-related HMG 
box-9). The expression of Sox9 is up-regulated by the synergistic action of Sry and 
Steroidogenic factor 1 [SF1 encoded by Nr5a1(sf1)] through binding of gonad-specific 
enhancer element of Sox9 (Sekido& Lovell-Badge 2008). Sox9 is expressed in all Sertoli 
cells. Deletion of Sox9 gene in XY gonad leads to male-to-female sex reversal in human 
(Wagner et al. 1994) and mice (Chaboissier et al. 2004), while over-expression or 
duplication of Sox9 in a XX gonad leads to female-to-male sex reversal (Bishop et al. 
2000; Huang et al. 1999; Vidal et al. 2001). Surprisingly, Sox9 is sufficient to generate 
fully functional fertile male mice lacking Sry suggesting that Sox9 can substitute Sry 
function (Qin& Bishop 2005). On the other hand, mice with targeted knock-out of Sf1 
show defects in the development of both testis and ovary (Asali et al. 1995; Luo et al. 
1994). However, it appears that SF1 is particularly important for testis differentiation 
since homozygous sf1 (−/−) deleted mice show complete adrenal and gonadal agenesis 
and male-to-female sex-reversal in males (Asali et al. 1995; Luo et al. 1994). Moreover, 
in human, heterozygotes with missense mutations in SF1 exhibit XY female sex reversal 
(Arellano et al. 2007).  
 
The proliferation of pre-Sertoli cells is also a crucial event in male development 
(DiNapoli& Capel 2008). A threshold number of Sertoli cell is required to ensure testis 
development (Palmer& Burgoyne 1991). Several extracellular pathways have been 
implicated in this perspective. For instance, Prostaglandin D2 (PGD2) promotes the 
Sertoli cell fate and induces Sox9 expression (Malki et al. 2007; Wilhelm et al. 2005). On 
the other hand, using in vitro studies it has been shown that fibroblast growth factor 9 
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(Fgf9) stimulate Sox9 expression in XX cells and is essential for the maintenance of Sox9 
expression and testis differentiation as Fgf9 null mice show varying degree of male-to-
female sex reversal (Colvin et al. 2001; Kim et al. 2006; Schmahl et al. 2004).  
 
The gene encoding anti-Mullerian hormone (AMH) is a downstream target of Sox9.  
AMH is produced by Sertoli cells which mediates the regression of the Mullerian duct. A 
number of genes has been shown to transactivate Amh expression including Sf1, Wt1, 
GATA and others (Wilhelm et al. 2007). The Dax1 (Nr0b1) gene was initially suggested 
as anti-testis gene since the duplication of Dax1 in XX gonad is associated with impaired 
testis development (Bardoni et al. 1994; Swain et al. 1998). Interestingly, subsequent 
studies have shown the significance of Dax1 in testis development (Meeks et al. 2003).   
 
The other equally important frontier, that is, the molecular mechanism of ovarian 
differentiation is yet to be conquered, since less attention has been given to it as 
compared to that of testicular differentiation pathway. Recent studies have added up a 
number of genes with ovary-specific expression, including Wnt4 (Vainio et al. 1999),  
follistatin (Yao et al. 2004), Foxl2 (Schmidt et al. 2004), and Rspo1 (Parma et al. 2006). 
On the other hand, in mammals, it appears that the role of sex steroids during gonad 
differentiation may not be that critical as compared to those shown in the rest of 
vertebrates. For instance, mice lacking the aromatase gene go through ovarian 
differentiation but the later stage of folliculogenesis is impaired (Fisher et al. 1998). A 
subsequent study shows that the granulose cells trans-differentiation into Sertoli-like cells 
in the ovary lacking the aromatase gene (Britt et al. 2002).    
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1.2 Sex determination and gonad differentiation in zebrafish 
1.2.1 Polygenic sex determination proposed in zebrafish  
Zebrafish (Danio rerio, Cyprinidae) is one of the important vertebrate model organisms 
which has contributed to unlock the mysteries of many fascinating biological questions 
related to development, genetics and diseases (Dahm& Geisler 2006; Dodd et al. 2000; 
Ingham 1997; Kimmel 1989; Phelps& Neely 2005). This small freshwater species offers 
advantages over other models due to its small size, short generation time, transparent 
embryonic development and availability of relatively large number of eggs in every two 
weeks. Zebrafish is also suitable for high throughput experiments and large scale 
mutagenesis for genetic study. But contrary to what one might expect, the overall 
scenarios of zebrafish reproduction are largely unknown (Orban et al. 2009).  For 
instance, whether zebrafish contains sex chromosomes is still unknown. The diploid 
genome of zebrafish consists of 50 chromosomes (2n). Based on a number of cytological 
observations, there does not seem to be an obvious sign of heteromorphic chromosomes 
[for review see (Sola& Gornung 2001), but see also (Pijnacker& Ferwerda 1995; Sharma 
et al. 1998).] No sex-linked DNA markers or mutations have been identified, although 
over 2000 microsatellite markers are available from the linkage map (Knapik et al. 1998; 
Shimoda et al. 1999). Recently, based on extensive bioinformatic analysis and 
experimental approaches our lab has demonstrated that the possibility of having sex 
chromosome is unlikely in zebrafish (Sreenivasan et al. 2009). Moreover, variable sex 
ratios have been observed in wild type and gynogenetic individuals (Geisler et al. 1999; 
Horstgen-Schwark 1993). On the contrary, repeated crossing of the same parental pairs 
yielded populations of similar sex ratios, suggesting that sex determination is, to some 
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extent, influenced by the genome (Sreenivasan et al. 2009). The sexual fate of the 
zebrafish has been reported to be partially influenced by environmental factors, such as 
hypoxia (Ankley et al. 2009; Shang et al. 2006), temperature (Ospina-Alvarez& Piferrer 
2008), and population density (personal communications with Laszlo Orban and Kellee 
Siegfried). Together, all these data strongly suggest that there does not seem to be a 
master gene at the top of the sex-determination cascade in the zebrafish. Instead, a 
polygenic system with a limited secondary influence from environmental factors 
determines the sex of the species (Orban et al. 2009).    
 
1.2.2 The role of primordial germ cells (PGC) in the sexual fate of zebrafish  
Primordial germ cells - the blueprint for the future generation - lead to the development 
of either sperm or egg depending on the sex of the organism. The defect in the 
proliferation or migration of PGCs results in sterility in adult organisms as revealed by 
mutant or knockout mice or germ line depletion studies (Agoulnik et al. 2002; Guigon et 
al. 2005; Kurokawa et al. 2007; Saito et al. 2007; Slanchev et al. 2005; Youngren et al. 
2005). One common feature of PGCs in many organisms is that following their 
specification, they are obliged to travel from the site of origin towards the gonadal ridge 
(future gonad), and they proliferate while migrating towards the final destination (Raz 
2003). The information on the role of germ cells in mammalian gonad development is 
limited. Several specific cell ablation studies have shown that germ cells are required for 
some aspects of ovary development in mammals. If very few germ cells enter into the 
gonadal ridge, the supporting cell lineage fails to differentiate which results in a streak 
ovary (McLaren 1991). Prior to folliculogenesis, the depletion of oocytes causes the 
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inhibition of the maturation of granulosa cells of non-growing follicles which 
subsequently transdifferentiate into Sertoli-like cells, harbored by tubule-like structures 
(Guigon et al. 2005; McLaren 1991). These evidences depict the importance of the germ 
cell line in the mammalian ovary development.  
 
In teleosts, the PGCs are specified during early embryogenesis and undergo a short wave 
of proliferation preceding the migration towards the gonad ridge (Hamaguchi 1982; Raz 
2003). The time frame of PGCs resumption of proliferation in fish varies depending on 
species. In general, this second wave of proliferation occurs in a sexually dimorphic 
manner with drastic increase of germ cells in the developing female: for example, 
threespined stickleback [Gasterosteus aculeatus, (Lewis et al. 2008)]; rainbow trout 
[Salmo gairdneri, (Lebrun et al. 1982)] and rosy barb [Puntius conchonius, (Cek 2006)] 
In medaka (Oryzias latipes), a similar number of PGCs appear to migrate to the 
bipotential gonad in both sexes, but at the time of hatching (stage39), gonads of the 
genetic females have more germ cells relative to those of males (Hamaguchi 1982; 
Kurokawa et al. 2007; Saito et al. 2007; Satoh& Egami 1972). 
In case of zebrafish, we still don’t know when the second wave of PGC proliferation 
occurs as in the absence of sex-specific DNA markers the two sexes can not be 
differentiated during the early devlopment. Interestingly, the complete germ cell ablation 
in zebrafish results in sterile males with proper gonadal structure (Siegfried& Nusslein-
Volhard 2008). These males are able to induce females to lay eggs (Slanchev et al. 2005). 
Using a vas::egfp transgenic line, our lab indicated that the developing ovaries tend to 
have higher number of juvenile oocytes as compared to presumptive male and those fish 
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with few juvenile oocytes develop into male (Wang et al. 2007b). In addition, mutation in 
ziwi (germ cell marker) causes the reduction of germ cell number and can also lead to 
male fate determination (Houwing et al. 2007). Transplantation of single PGC in PGC 
deficient zebrafish results in male fate (Saito et al. 2008). Therefore, a threshold number 
of PGCs might determine the sex in zebrafish.  
 
1.2.3 Juvenile hermaphroditism is the mode of sex differentiation in zebrafish 
Zebrafish is considered to be a juvenile hermaphrodite or undifferentiated gonochorist 
since all individuals first develop an immature ovary or “juvenile ovary” prior developing 
into a fully differentiated ovary or testis (Hsiao& Tsai 2003; Maack& Segner 2003; 
Takahashi 1977). The first signs of morphological differentiation of the gonads appear to 
take place around 21–30 days post-fertilization depending on the different geographic 
locations (Siegfried& Nusslein-Volhard 2008; Takahashi 1977; Uchida et al. 2002; Wang 
et al. 2007b). The commencement of testicular development is marked by an irregular 
appearance and degeneration of oocytes. Subsequently, in the developing testis, stromal 
cells are progressively increased, which is then followed by the initiation of 
spermatogenesis (Maack& Segner 2003; Uchida et al. 2002; Wang et al. 2007b). The 
degeneration of oocytes during gonadal transformation has been linked to apoptosis 
(Uchida et al. 2002). Based on this observation, it has been proposed that oocyte 
apoptosis might act as a trigger for the testis differentiation pathway (Uchida et al. 2002). 
In contrast, the continuation of oogenesis in the juvenile ovary results in a smooth 
transition eventually producing a functional ovary. This juvenile hermaphroditism is not 
unique for zebrafish only, it has also been reported in other teleost species including, 
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masu salmon (Oncorhynchus masou), Sumatran barb (Barbus tetrazona tetrazona) and 
European eel (Anguilla anguilla) (Colombo& Grandi 1996; Nakamura 1984; Takahashi 
1983) 
 
Unlike in other vertebrates, gonadogenesis in fish is a plastic and relatively complex 
process. Knowledge from other model systems provides little help in the study of gonad 
differentiation in zebrafish. Studying gene function utilizing widely used molecular tools, 
such as gene knock-out, morpholinos, and cell culture, is also difficult in zebrafish due to 
technical problems. The gonad differentiation in zebrafish is a late developmental event 
(started at around 4 wpf). Therefore, the application of morpholino –a widely used tool 
for targeted- knockdown of a gene in zebrafish- is very problematic to due the stability 
issue of morpholinos. In general, morpholinos are stable/effective for 5-7 days after 
injection. The good news is that advancement of the recent innovation on the targeted 
gene knockout techniques would make zebrafish even more attractive (Doyon et al. 2008; 
Foley et al. 2009). Most of the information concerning gonad development has been 
accumulated through morphological studies (Orban et al. 2009). The absence of sex-
linked DNA markers makes it difficult to study the early molecular events before 
histological sex differentiation. For histological methods, on the other hand, it is required 
to sacrifice a large number of randomly picked individuals for staining, which hinders 
subsequent investigations such as biochemical assays and RNA-based studies. In this 
context, transgenic lines with gonad-specific reporter gene expression (such as EGFP) 
would be useful to examine the gonad development. 
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To explore the dynamic process of gonad differentiation, three transgenic zebrafish lines 
expressing EGFP in their gonads have been generated. In one of these lines, the zona 
pellucida c (zpc) promoter was used to drive an egfp reporter gene. Since zpc gene is 
involved in the formation of zona pellucida during oogenesis, the expression of egfp was 
oocyte-specific (Onichtchouk et al. 2003). For another line, the medaka beta-actin 
promoter was the driver of egfp (Hsiao& Tsai 2003). This transgene was found to be 
highly expressed in the ovaries, but was only faintly detected in the testes and other 
tissues. Therefore, it allowed the researchers to follow the process of gonad 
differentiation (Hsiao& Tsai 2003). The reasons for the sexually dimorphic expression of 
this construct are unknown 
 Both these lines have been shown to be helpful for sexing zebrafish in vivo after 5 weeks 
post fertilization (wpf) (Hsiao& Tsai 2003; Onichtchouk et al. 2003). The third line was 
generated by Olsen’s lab, where vasa gene promoter drives the egfp expression (Krovel& 
Olsen 2002, 2004). The vasa gene is frequently used as a germ line marker in both 
vertebrates and invertebrates (Braat et al. 1999; Hayashi et al. 2004; Komiya et al. 1994). 
This is the most useful line, so far, for sexing the zebrafish in vivo as early as around 4 
wpf. Our lab has meticulously analyzed this vas:egfp line to re-examine the phenomenon 
of juvenile hermaphroditism in zebrafish. Recently, it has been reported that the timing 
and the extent of testis differentiation is highly variable among individuals as revealed by 
extensive observation of EGFP intensity and histology (Wang et al. 2007b). The intensity 
of EGFP has been found to show correlation with the number of oocytes present in the 
juvenile ovary. Based on these findings, potential males have been broadly categorized 
into three groups. Fish without detectable EGFP expression during gonad differentiation 
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are predicted to be males (Type I), whereas weak to moderate EGFP intensity has been 
grouped as Type II and III, respectively. In contrast, individuals with very strong EGPF 
expression in their developing gonad tend to become females (Wang et al. 2007b). In 
general, all these transgenic lines provide nice models for studying the ovary 
differentiation in zebrafish, but the initiation of the male pathway cannot be elucidated 
clearly. Therefore, male-specific early molecular markers would be necessary to study 
the testis differentiation process further in zebrafish.  
 
Like other teleosts, zebrafish exhibit flexibility in their mode of gonad development, 
where steroidogenesis plays a vital role during sex differentiation process. During a 
critical period of early development, exogenous hormone/endocrine disrupter treatment 
leads to complete sex-reversal in either direction (Andersen et al. 2003; Fenske& Segner 
2004). However, the overall facets of the steroidogenesis in gonad differentiation and 
adults are poorly understood.  
 
 1.2.4 Conserved genes in the zebrafish testis differentiation pathway  
It has been accepted generally that the processes downstream of the gonad developmental 
pathway are relatively conserved among different species while those upstream of the 
pathway are expected to be divergent in fish (Sinclair et al. 2002a). Even though several 
genes involved in the sex determination pathway are conserved in sequence, there are 
differences in their sexual dimorphism, putative functional domains and timing of 
expression. In view of that, a number of sex-linked conserved genes [e.g. amh (anti-
Müllerian hormone), cyp19a1a (cytochrome P450, family 19, subfamily A, polypeptide 
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1a), dmrt1 (doublesex and mab-3 related transcription factor 1), sox9a (SRY-box 
containing gene 9a), and ar (androgen receptor)] have been identified and implicated 
with gonad development in zebrafish. In addition, recent large scale transcriptome 
analyzes also have discovered a substantial number of sexually dimorphically expressed 
genes (both conserved and novel) in the brain and gonad of zebrafish (Santos et al. 2008; 
Sreenivasan et al. 2008a; Villeneuve et al. 2009). However, the information on the 
function of these genes during gonad development is limited. A histological study 
performed earlier in our lab has shown that the gonadal transformation process is highly 
variable among different individuals of zebrafish (Wang et al. 2007b).  In contrast, in 
mammals, the sexual fate is specified at a narrow window of time frame (11.5 day post 
coitum, dpc). After that, the gonad differentiation pathway initiates its divergence from 
the bipotential gonad supporting either testis or ovary development [(Fig. 3; (Orban et al. 
2009)]. In zebrafish, therefore, it would be highly useful to identify more testis markers 






























1.3 Programmed cell death (apoptosis) 
1.3.1  Molecular and cellular events in apoptosis 
Apoptosis has been depicted as “controlled demolition at cellular level” (Taylor et al. 
2008). The apoptotic pathways are evolutionary conserved, which serve to eliminate 
dpc/
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Fig. 3: Comparative analysis of testis differentiation process between mouse and zebrafish. 
Panel A: In mice, the gonad differentiation pathway follows one of the diverged directions 
promoting either testis or ovary differentiation just after sex determination (SD). Panel B: In 
zebrafish, the sex determination period is unknown.  All gonads begin to differentiate into 
bi-potential ‘juvenile ovaries’ between 10-16 dpf (indicated by a green box). The gonadal 
transformation into testis is highy variable among different individuals (indicated by yellow 




unnecessary or damaged cells during normal course of development and differentiation 
(Taylor et al. 2008). Impairment of apoptosis is often associated with the development of 
cancers, while excessive apoptosis may cause degenerative diseases such Alzheimer’s 
disease, and diabetes (Kim& Suh 2009; Warolin 2007). The salient features of apoptotic 
cells are often characterized by membrane-blebbing, DNA fragmentation, and the 
formation of distinct apoptotic bodies, which are eventually cleared by phagocytic cells 
(Martelli et al. 2001). This whole process occurs without membrane breakdown and does 
not elicit an inflammatory response. Major players of the apoptotic process are a group of 
caspases that perform the demolition work in a controlled and orderly fashion (Bergeron 
et al. 1998).  Caspases are synthesized as inactive proenzymes, which become activated 
after proteolytic cleavage. Multiple forms of caspases are isolated and well characterized 
in vertebrates (Chowdhury et al. 2008). For instance, the human genome contains 14 
different types of caspases while 10 caspases exist in mouse (Chowdhury et al. 2008; 
Earnshaw et al. 1999). In general, there are two classes of caspases: class I or initiator 
caspases (e.g. caspase-2, -8, -9 and -10) activate downstream caspases by cleaving 
inactive form of effector caspases, whereas class II or effector caspases (caspase-3, -6 
and -7) in turn cleave other protein substrates within the cell and trigger the apoptotic 
process (Earnshaw et al. 1999). Caspase-3 is considered to be the main downstream 
effector caspases due to its partial or total participation in the proteolytic processing of 
many proteins such as the inhibitor of caspase-activated DNase (Enari et al. 1998), poly 
(ADP-ribose) polymerase (PARP) (Earnshaw et al. 1999).    
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In mammals, two distinct pathways of apoptosis have been illustrated: the 
extrinsic/death-receptor pathway, which is initiated at a tumor necrosis factor (TNF) 
family receptor and the intrinsic/Bcl-2-regulated mitochondrial pathway (Fig. 4). Both 
pathways may act in a collaborative manner to induce apoptosis (Barnhart et al. 2003). At 
a molecular and functional level, major players of the apoptotic machinery are highly 
conserved among invertebrates (Drosophila/C.elegans) and mammals (Abrams 1999; 
Metzstein et al. 1998). Over the years, it is becoming obvious that fish express virtually 
all core components of the apoptotic machinery similar to that of mammals (dos Santos et 
al. 2008). In zebrafish, many apoptosis-related mammalian orthologs have been 
identified by computational analysis, suggesting that most apoptotic pathways are well 
conserved between zebrafish and higher vertebrates (dos Santos et al. 2008; Hanayama et 
al. 2002). Very recently, the extrinsic pathway has been functionally deciphered in 
zebrafish (Eimon et al. 2006). Because of all these traits, zebrafish is emerging as an 
attractive model for cancer research (Stoletov& Klemke 2008). A range of mammalian 
caspase orthologs has been identified in fish: initiator caspases, effector/executioner 
caspases and inflammatory caspases (dos Santos et al. 2008).  Inflammatory caspases 
(such as caspases-12) are involved in the processing and activation of inflammatory 
cytokines such as interleukin 1 and interleukin 18 (Iversen& Johansen 2008). However, 
only a handful of functional studies on fish caspases have been reported so far. 
Functional studies of caspases in fish are limited to caspase-2,- 3, -6, -7 and -8 
(Krumschnabel& Podrabsky 2009). At the same time, there is no information on the 
function of caspase-9, which is believed to be the crucial initiator caspase in intrinsic 
apoptosis. 
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1.3.2 The role of apoptosis in gonad development and maturation 
Apoptotic cell death is pivotal during morphogenesis and homeostasis of tissues and 
organs (Jacobson et al. 1997; Vaux& Korsmeyer 1999). In mammals, the quality and 
quantity of matured oocytes is maintained by apoptosis. During early development, 
immature oocytes are removed at a higher rate through atresia and more gradually during 
reproductive maturity (Hussein 2005). Whereas in males, testicular germ cell apoptosis is 
a continuous process throughout life (Sinha Hikim et al. 2003). Similar patterns of germ 
cell apoptosis have been described in teleost fish (dos Santos et al. 2008; Miranda et al. 
1999). For instance, as mentioned earlier, in zebrafish the apoptosis mediated 
disappearance of juvenile oocytes during testis formation seems to be a male-specific 
event. Whether the apoptosis triggers the testicular differentiation or it mediates the 
downstream event after differentiation of testis is not understood (Uchida et al. 2002).  
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Fig. 4: The two major apoptotic pathways in mammals: one activated via death receptor 
activation ('extrinsic') and the other by stress-inducing stimuli ('intrinsic'). Triggering of cell 
surface death receptors of the tumour necrosis factor (TNF) receptor superfamily (CD95 and 
TNF-related apoptosis-inducing ligand (TRAIL)-R1/-R2) leads to the activation of the initiator 
caspase 8 by interacting with an adaptor molecule Fas-associated death domain protein 
(FADD). In the intrinsic pathway, perturbation of mitochondria causes the release of proteins, 
such as cytochrome c, which is regulated by Bcl2 family members. Once released, cytochrome 
c binds to apoptotic protease-activating factor 1 (Apaf1), which results in formation of the 
Apaf1–caspase 9 apoptosome complex and activation of the initiator caspase 9. The activated 
initiator caspases 8 and 9 then activate the effector caspases 3, 6 and 7, which are responsible 
for the cleavage of important cellular substrates resulting in the classical biochemical and 
morphological changes associated with the apoptotic phenotype [Figure was taken from 
(MacFarlane& Williams 2004)]. 
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Spermatogenesis is a highly ordered process that is known to be sensitive to 
environmental stresses. Elevated temperature (such as in cryptorchidism) may cause 
apoptosis-driven degeneration of germ cells in the testis of scrotal mammals. Recently, it 
has been shown that heat-induced germ cell degeneration occurs in both sexes of pejerrey 
(Odontesthes bonariensis) (Ambartsumyan& Clark 2008).  Many fish species undergo 
sex reversal in adults. Intriguingly, in these systems, the gonads are remodeled and 
reorganized through cell proliferation and cell death (Lee et al. 2002; Liarte et al. 2007). 
The role of apoptosis in the re-adjustment of gonadal structure during sex reversal is yet 
to be explored.  
 
1.4 Steroidogenic pathway in vertebrates 
1.4.1 Sex steroids 
Steroid hormones are essential for life and for the maintenance of normal reproductive 
function in vertebrates. These are synthesized from cholesterol in the steroidogenic cells 
of the testis, ovary, adrenal glands, brain and placenta (Payne& Hales 2004). Steroid 
hormones are classified depending on their physiologic actions and their corresponding 
receptors. Mineralocorticoids regulate salt balances and blood pressure (Fardella et al. 
1996; Fardella& Miller 1996). Gluococorticoids help to maintain carbohydrate 
metabolism and mediate a variety of stress and immune responses (Tait et al. 2008). 
Three separate classes of sex steroids are considered to be the defining factor for sexual 
development, reproduction and secondary sex characteristics: progestins are essential for 
the maintenance of menstrual cycles and pregnancy; estrogens are required for female 
reproduction and testicular androgens are vital for the male sexual development and 
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fertility (Miller 1988). Although individual animals can survive in the absence of sex 
steroids, their deficiency or loss might be fatal to the species. Therefore, steroid 
hormones play a fundamental and irreplaceable role in the life of vertebrates.   
 
1.4.2 Conserved steroidogenic pathways  
Despite the fact that steroid hormones are diverse, the pathways by which they are 
synthesized are similar, particularly the beginning steps that are identical (Payne& Hales 
2004). The first step in the biosynthesis of all steroid hormones is the conversion of 
cholesterol into pregnenolone. This step occurs in the inner membrane of mitochondria. 
The transport of cholesterol into the mitochondria is thought to be the rate-limiting step in 
steroidogenesis and this critical step is mediated by the synthesis and function of the 
steroidogeneic acute regulatory protein (StAR; encoded by the star gene) (Manna& 
Stocco 2005). The conversion of cholesterol to pregnenolone is carried out by the 
cleavage of the cholesterol side chain, which is catalyzed by a cytochrome P450 side-
chain cleavage enzyme   (Cyp11a1 encoded by cyp11a1 gene, sometimes this enzyme is 
also termed as P450scc). The expression of cyp11a1 is hormonally regulated and its 
expression makes a cell to become steroidogenic (capable of producing steroids). Since 
this proteins is only functional in the mitochondria, the delivery of the cholesterol across 
the mitochondria by StAR is a critical step in steroidogenesis (Stocco et al. 2005). 
Pregnenolone is first converted to progesterone by the action of 3β-hydroxysteroid 
dehydrogenase (Hsd3b, encoded by the hsd3b gene). Progesterone is then converted to 
17α-hydroxyprogesterone and androstenedione by P450 17α-hydroxylase/17,20-lyase 
(Cyp17a1 encoded by the cyp17a1). Cyp17a1 mediates two different enzymatic 
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reactions: hydroxylation of C17 of progesterone or pregnenolone and cleavage of the 
C17-C20 bond forming the C17 keto group, which is the characteristic of the C19 sex 
hormone precursors, androstenedione and DHEA (Payne& Hales 2004). cyp17a1 is 
served as the qualitative regulator that determines which class of steroids would be 
produced. Finally, androstenedione is converted to testosterone by 17β-hydroxysteroid 
dehydrogenase type III (Hsd17b encoded by the hsd17b gene). Testosterone serves as the 
substrate for both major male hormone dihydroxytestesterone (in mammals) and female 
hormone, estrogen. The conversion of testosterone into estrogen is mediated by the 
aromatase enzyme [Cyp19a1 encoded by Cyp19a1; (Payne& Hales 2004)]. In teleost fish 
species, 11-ketotestosterone is the predominant male hormone, which is synthesized from 
testosterone by the action of 11β hydroxylase (Cyp11b2, encoded by cyp11b2) (Baroiller 




Fig. 5: Schematic representation of gonadal steroidogenetic pathways in fish. Enzymes 
in the pathway: P450 side-chain cleavage enzyme (cyp11a1), P450 17α-
hydroxylase/17,20 lyase (cyp17a1), 3β-hydroxysteroid dehydrogenase (hsd3b), 
aromatase (cyp19a1a); 11β-hydroxylase (cyp11b2), 17β- hydroxysteroid dehydrogenase 


















All the genes necessary for steroid biosynthesis are highly conserved across vertebrates, 
although their tissue-specific expression might be varied among different species. Studies 
in few teleost species have shown that genes encoding steroidogenic enzymes are 
expressed in a sexually dimorphic manner during gonad development suggesting their 
vital role during gonadal sex differentiation (Ijiri et al. 2008; Vizziano et al. 2007). 
 
Several non-steroidogenic genes, such as steroidogenic factor, SF1 (encoded by nr5a1), 
Nr0b1 (also known as Dax1) and Foxl2 have been shown to regulate major steroidogenic 
genes during development and in a tissue-specific manner (Moumne et al. 2008; Wang et 
al. 2007a).  The nr5a1 is a member of the nuclear receptor superfamily that controls the 
expression of genes involved in steroidogenesis (cyp11a1, hsd3b, cyp19a1a, star and 
cyp17a1) (Parker& Schimmer 1997).  N0rb1 is an unusual member of the nuclear 
hormone receptor family. In mammals, nr0b1 plays a key role in adrenal and gonadal 
differentiation, development and function. It acts as a negative regulator of nr5a1-
induced transactivation of many genes (such as star) (McCabe 2007). Forkhead 
transcription factor like 2, foxl2 is structurally and functionally conserved among 
vertebrates. It has been demonstrated that the estrogen synthesizing gene, cyp19a1a is 
positively regulated by Foxl2 (Wang et al. 2007a).  
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1.5. The aims of my thesis 
The aims of my thesis are the following: 
1. To investigate the exact role of apoptosis during testis development. For this 
purpose, apoptosis will be blocked by a broad spectrum anti-apoptotic drug. 
Global gene expression profiles will be analyzed by cDNA microarray after 
inhibiting apoptosis.  
2. To understand the sexual dimorphism of steroidogenesis in gonad differentiation 
and its role in the maintenance of gonadal function.  
3. Characterization of early testis markers to widen our understanding of gonad 
differentiation. Previously identified testis-specific candidate genes and some of 
the known orthologs important for gonad development will be analyzed using RT-
PCR screening. Later, some of the potential candidate genes will be further 
characterized.   
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 Chapter 2 Materials and Methods  
 
2.1 Origin, rearing and maintaining of fish  
We used the AB strain of zebrafish in our study. The transgenic vas::egfp zebrafish line 
(AB-based) was a kind gift from Dr. Lisbeth Olsen (SARS, Bergen, Norway). Fish were 
raised, maintained, and crossed according to the standard protocol. The AHAB 
recirculation system (Aquatic Habitats) was used for rearing fish at ambient temperature 
(26-28°C). The age of embryos is typically indicated as hours post fertilization (hpf), the 
age of larvae as days post fertilization (dpf) or weeks post fertilization (wpf).  
 
2.2 Primers 
All the primers in the study have been listed in the Suppl. Table S1. 
2.3 Tissue collection, RNA isolation and cDNA synthesis 
In order to isolate RNA, samples were collected from embryos, juveniles and adult. In 
case of embryos (under 1 wpf), the whole body was used for RNA isolation, whereas 
trunk (removing the gut) was used for 1-3 wpf old larva due to small size of the 
presumptive gonads. Gonadal samples from various stages (20-49 dpf) of differentiation 
were collected from at least three individuals transgenic to vas::egfp construct per stage 
(Krovel& Olsen 2002). Individuals were sorted into developing females and transforming 
males, as described earlier (Wang et al. 2007b). We used vas::egfp zebrafish transgenic 
line in our study. It was shown previously that the timing and intensity of EGFP 
expression during gonad development were highly variable among individuals. In 
 32 
general, there were three broad categories of fish undergoing gonad development: strong, 
weak and non-expressing based on the intensity of EGFP expression. In most cases, non-
expressing fish were developed as male while EGFP expressing fish develop either as 
male or female (Wang et al. 2007b). 
 
Total RNA used was extracted using Trizol-based reagent (Invitrogen, Cat. #15596-026) 
according to the manufacturer's instructions. The precipitated RNA was dissolved in 
RNase-free water and immediately stored at –80o C. The concentration of total RNA was 
quantified by measuring the absorbance at the wavelength of 260 nm using Nanodrop 
(Nanodrop Technologies Inc., USA). All RNA samples were treated by RNase-free 
DNase to remove possible genomic DNA contamination.  Expression analyses were 
performed on pooled RNA samples.  
First-strand cDNA was synthesized under standard conditions with the Superscript First-
strand Synthesis System (Invitrogen) using oligo (dT)15  primer (Roche). 
 
2.4 Real-time PCR  
Real-time quantitative PCR was performed with iCyler iQ Real-time Detection system 
using SYBR Green chemistry (Bio-Rad). The quantification of the transcripts was 
performed using a standard curve with 10-fold serial of dilution of gonadal cDNA. The 
20 µl PCR mixture contained 10 µl of 2× iQ™ SYBR Green Supermix, 0.5 µl (10 mM) 
of each primer and 1 µl of cDNA. The following conditions were used: denaturation at 95 
°C for 3 min, 40 cycles of denaturation at 95 °C for 30s, annealing at 60 °C for 30s and 
extension at 72 °C for 20s, followed by melt curve analysis (95 °C for 2 min and decrease 
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by 0.1 °C at every 10s). Melt curve analysis was conducted to ensure that only a single 
PCR product was amplified. Samples were assayed in triplicate and each experiment was 
repeated at least twice. Control reactions (without template) were run for each sample. 
For time course study, transcript level was normalized by the level of rpl13, whereas the 
expression of ar was normalized by beta actin (bactin) as described by (Hossain et al. 
2008). The expression of housekeeping genes (used as internal control) may vary 
depending on different tissues, developmental stages or type of drug used during 
treatment. Therefore, we have searched for suitable internal control in the respective 
experiment. In this regard, the transcript level during gonad development was normalized 
by the level of rpl13 as described earlier (Siegfried& Nusslein-Volhard 2008). To find 
out the appropriate internal control for drug treated samples, several housekeeping genes 
(rpl8, 18S, bactin and ef_alfa1) were evaluated. We used 18S for Fadrozole-treated 
samples while ef_alfa1 was used for MT-treated samples since their expression profiles 
were unchanged after the drug treatment as compared to the other tested housekeeping 
genes.  
Statistical differences in relative mRNA expression between experimental groups were 
assessed by Student’s t-test. All experimental data are presented as mean ± SD Difference 
were considered statistically significant at P <0.05. 
2.5 In situ hybridization  
The DIG-labeled RNA probes (both sense and antisense) were synthesized using T7 or 
SP6 RNA polymerase (Promega). The synthesized probes were further hydrolyzed into 
short fragments of about 300-400 nucleotides length using carbonate buffer (40 mM 
NaHCO3 and 60 mM Na2CO3). In order to study the expression pattern of hsf5 and scx1 
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several testis/ovary specimen were fixed in 4% paraformaldehyde in PBS (pH 7.4) at 4°C 
overnight followed by embedding in 2% agar, soaking in 30% sucrose and then frozen in 
Jung tissue freezing medium (Leica). Tissue sections (12µm) were prepared using 
cryomicrotome (Leica). In situ hybridization was performed according to a previously 
described protocol (Wang& Orban 2007).  For whole mount in situ, embryos were 
processed by using a standard protocol. Hybridization was performed as described by 
(Hauptmann 1999). To detect the hybridized probes, BM purple precipitating substrate 
(Roche) was used in the color reaction. 
 
2.6 Radiation hybrid mapping  
Radiation hybrid mapping with the LN54 radiation hybrid panel was carried out as 
previously described by (Hukriede et al. 1999). PCR amplification was performed in 
duplicate for each of the 96-hybrid DNA templates by using one set of gene-specific 
primers for the zebrafish scx1 gene, and two set of gene-specific primers for ar gene.  
PCR results were analyzed and a map position was obtained using the mapping program 
found on the web page of the Dawid lab: http://mgchd1.nichd.nih.gov:8000/zfrh/beta.cgi 
 
2.7 Southern blot 
In order to carry out Southern blot analysis, zebrafish genomic DNA was extracted using 
standard phenol-chloroform method. Southern analyses were performed with 10 
microgram of genomic DNA digested with Ase I, AflII, and PstI restriction enzymes at 
37oC for 12 h. After electrophoretic separation, genomic DNA fragments were 
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transferred to a Hybond N+ nitrocellulose membrane (Amersham) under alkaline 
conditions (Chomczynski& Qasba 1984). Two PCR-generated DIG labeled DNA probes 
were synthesized using PCR DIG Probe Synthesis Kit (Roche). One probe was spanning 
over the 5´ UTR (1.8 kb) and other was from the 3´ UTR (1.7 kb). The hybridization was 
done according to the manufacturer’s recommendation and signals were visualized with 
CDP-Star detection reagent (Roche).  
 
2.8 Cloning of candidate and apoptosis- related genes  
Androgen receptor (ar): We used goldfish ar cDNA (AAM09278) from GenBank to 
acquire zebrafish ESTs, which gave rise to a hypothetical cDNA sequence of 3.4 kb. To 
confirm its authenticity, RT-PCR was performed by primers AR_FL_F and _R binding to 
the end of the consensus sequence and using adult testis cDNA as a template. Extend 
Long Template PCR system (Roche) was used for PCR amplification
. 
Another segment 
of ar (3590 bp) sequence spanning the 3’ end was obtained from a lambda-ZAP ovarian 
cDNA library screening as described (Hossain et al. 2008). The clustering of these two 
sequences yielded a consensus sequence of 5.3 kb. The ends of consensus sequence were 
verified by 5´- and 3´-RLM-RACE, according to manufacturer’s instructions (Ambion, 
USA). 
 scx1: An EST of 680 bp (CO354576) from our normalized adult testis cDNA library was 
used as a probe to identify more zebrafish ESTs from GenBank by BLAST searches 
(Altschul et al. 1997). Clustering of the identified  ESTsprovided a consensus sequence 
that was confirmed by RT-PCR. To determine the full length cDNA of scx1, 5´ and 3´ 
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RACE were performed using RLM-RACE kit (Ambion). The final products of the 5´ and 
3´ RACE were cloned into pGEM-T easy vector (Promega) for sequencing.  
hsf5: The testis enhanced EST originates from our full-length, normalized adult testis 
cDNA library. Computer searches using BLASTn yielded seven other testis-derived 
ESTs from GenBank. Clustering of these sequences yielded a consensus of 1,581bp and 
RACE analysis extended the hsf5 transcript to 1.7 kb. 
Orthologs of apoptosis-related genes: Nineteen orthologs of zebrafish related to 
apoptosis were cloned in pBLUEscript plasmid in order to add to our existing Gonad 
Uniclone Microarray gene set (Sreenivasan et al. 2008a). 
 
2.9 Establishing of zebrafish transgenic lines  
In case of hsp70:hsf5-en transgenic construct, zebrafish hsp70 promoter (1.5kb) was 
amplified from genomic DNA by PCR with primers containing NsiI and SacII and cloned 
into pMDS6 vector. Subsequently, coding region of hsf5 was cloned between SacII and 
BamH1 restriction sites. Engrailed repressor domain of Drosophila (gift from Cai’s Lab) 
was then fused with hsf5 by utilizing BamH1 and XhoI restriction sites.  
All the constructions were verified by sequencing before injection. Constructs were co-
injected with transposase RNA into the one cell stage embryos to generate stable 
transgenic zebrafish lines, as described previously (Emelyanov et al. 2006). Founder lines 





2.10 Phylogenetic analysis  
The available full length amino acid sequences of ar, scx1 and hsf5 orthologs were 
retrieved from GenBank. The GenBank IDs have been provided in the appendix section. 
The sequences were aligned by CLUSTAL W (version 1.83; 
http://www.ebi.ac.uk/clustalw/). Estimation of molecular phylogeny was carried out by 
the neighbor-joining method with Poisson correction model as implemented in MEGA 
(version 3.1) (Chang et al. 2005). Confidence in the phylogeny was assessed by bootstrap 
re-sampling of the data (1000). 
2.11 Subcellular localization  
The zebrafish embryo originated cell line, Zem2s (ATCC CRL-2147) was used for 
localization study. This cell line was maintained at 28°C  in   LDF basal nutrient medium 
[50% Leibovitz’s L-15 (HyClone, cat# SH30525), 35% DMEM (Sigma, cat# D-6429), 
and 15% Han’s F12 (GibcoBRL, Life technology, cat# 11765-054)] containing 180 mg/l 
sodium bicarbonate, 15 mM HEPES supplemented with 10% heat-inactivated fetal 
bovine serum (FBS) and an antibiotic cocktail (HyClone, cat # SV30079).The full-length 
coding region of hsf5 was fused in-frame at the N-terminal end of the EGFP gene of 
pEGFP-N1 vector (Clonetech) using SalI and BamHI restriction sites. The fusion 
construct was transfected into Zem2s cell line of zebrafish. 
 After 36 h, cells were fixed with 4% paraformaldehyde and stained with a nuclear dye, 
DAPI (4V–6V diamino-2 phenylindole dihydrochlorite). EGFP epifluorescence was 
monitored under Zeiss Confocal microscope.  
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2.12 Anti-apoptotic drug treatment  
To study the role of apoptosis during zebrafish gonad development, we wanted to use a 
broad-spectrum antiapoptotic drug, Q-VD-OPh (from here onwards QVD). There is no 
information whether this drug is effective against zebrafish. The effectiveness of this 
drug was tested on embryos, juvenile and adult zebrafish.  To test the strength of the 
QVD, two proapoptotic drugs (camptothecin and cychloheximide) were used in the 
study. QVD was dissolved in DMSO.    
For each experiment, about 60 embryos of 5.5 hpf (germ ring stage) were first pretreated 
with different concentrations of QVD (5µM, 10 µM, 25 µM) containing egg water. About 
30 min later, embryos (6 hpf) were treated with either camptothecin (60 µM) or 
cychloheximide (25 µM) and incubated for 4 h. Parallel control experiments were 
performed using vehicle (DMSO) treated samples. At the end, samples were taken for 
caspase-3 and DNA ladder assay. We tested QVD on adult zebrafish using two delivery 
methods: drug-treated feed (2µg per gram of feed) and soluble form (in egg water). Three 
adult (6 month old) zebrafish were treated with either egg water containing 10 µM or fed 
with drug-treated feed (twice a day). After 2 days treatment, gonad, liver and gut were 
isolated to extract protein for caspase-3 assays.  
 
For blocking apoptosis during gonad development, GFP-sorted juvenile (24 dpf) fish 
were fed with QVD-treated food until 42 dpf.  The effectiveness of the drug was checked 
by capsase3 assay at 35 dpf and 42 dpf. Due to very small size of the juvenile gonad, 
whole body cavity (trunk, in which muscles were removed) was taken for caspase-3 
assay. Caspase-3 assay was performed on individual fish. Samples were collected for 
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histology (4 wpf, 5 wpf, 6wpf and 7 wpf), caspase-3 assay (5 wpf and 6wpf) and 
microarray (36 dpf). For control experiment, fish were fed with DMSO-treated feed. The 
whole experiment was repeated three times.  
 
2.13  Fadrozole and Methyltestosterone treatment  
 
Eight actively reproducing male and female zebrafish (approx. seven months old) in 
separate tanks were exposed with Fadrozole (Sigma, USA), a non-aromatizable 
aromatase inhibitor or methyltestosterone (MT; 10µM/L). MT is a synthetic androgen 
which is commonly used in aquaculture to generate monosex population (Arslan& Phelps 
2004). Recently, it has been shown that zebrafish androgen receptor could be activated by 
MT (Hossain et al. 2008). 
Both Fadrozole and MT were dissolved in absolute ethanol. Fadrozole was applied to fish 
feed followed by air-drying. Fish were fed twice a day with Fadrozole-treated feed 
(2mg/g of feed) for 21 days.  For control, fish were fed with solvent (ethanol) treated 
feed. Water in the fish tank was changed every two days. At the end of the treatment, 
RNA was isolated from the testis and liver (used for vtg1 expression analyses by real 
time RT-PCR); gonads were fixed for histology. The gonadosomatic index (GSI) was 
calculated by dividing the weight of the isolated gonad with that of whole body weight.   
We determined the level of 11-KT by ELISA using 11-Keto Testosterone EIA Kit 
(Cayman Chemical Cat. #582751). Two adult testes and three ovaries (about one fifth of 
each ovary) were used for protein extraction in a lysis buffer and centrifuged at 14,000 
rpm for 10 minutes. The supernatant was used directly onto the plate provided by the kit 
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together with a series of standards. The results were normalized by the total protein 
measured by Bradford essay. 
2.14 Flutamide treatment  
Flutamide (Sigma, USA) was used to block Ar during zebrafish gonad development. The 
larvae (20 dpf) were exposed to Flutamide for one month. This chemical was dissolved in 
acetone. Two different exposure concentrations of Flutamide (50 µg/L and 500 µg/L) 
were used in the study. For each treatment, 100 larvas were maintained in a plastic tank at 
ambient temperature (28oC). The same number of larvae was raised in dilution water as 
control. The larvas were fed twice a day and water was changed every two days. The 
whole experiment was performed in duplicate manner. Samples were taken for RNA 
isolation at the end of Flutamide exposure. The expression levels of several putative Ar 
target genes were investigated by real-time PCR. 
2.15 Caspase-3 assay  
Caspase-3 activity was assayed using ApoAlert Caspase-3 Fluorescent Assay Kit (BD 
Biosciences Clontech, cat # 630214). After the treatment with pro-apoptotic drugs 
(camptothecin and cycloheximide; used to enhance apoptosis for ease of detection), 
samples were rinsed with PBS. Embryos/isolated organs were homogenized in lysis 
buffer provided by the kit. Following spin down at 14000 rpm at 4oC, the supernatants 
were assessed for caspase-3 activity. Total protein content in tissue samples was 
determined by the Bradford assay (Bio-Rad Laboratories, Milan, IT) at 595 nm, using 
BSA as standard. Caspase-3 activity was determined by measuring the Ac-DEVD-AFC 
substrate conversion.  
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2.16  DNA ladder assay  
The Genomic DNA extraction protocol for ladder assay was adapted from (Caserta et al. 
2003; Negron& Lockshin 2004). Around 40 embryos treated with Q-Vd-Oph in the 
presence of either CHX or camptothecin were homogenized in lysis buffer (10 mM Tris, 
pH8.0, 1mM EDTA, and 0.1%Triton X-100) for 15 min. The lysate was extracted with 
an equal volume of phenol and then phenol:chloroform:isoamyl alcohol (25:24:1) and 
precipitated with an equal volume of isopropanol and 0.1 volume of 5 M NaCl. The 
precipitated DNA was resuspended in TE buffer (pH 8.0). The extracted DNA was 
treated with DNase-free RNase A at 37.C for 30 min. The DNA was separated on a 1.2% 
agarose gel containing ethidium bromide. 
2.17 Histology 
Tissue was fixed overnight in 10% formalin, dehydrated  in a series of ethanol dilutions 
(50-95%), and infiltrated in plastic resin (Leica). Plastic sections were cut at 2 µm by 
microtome (Leica), and dried on slides at 42 °C overnight. Sections were first stained by 
Gill 3 hematoxylin (Sendalin) for 4 minutes followed by dipping quickly into acid 
alcohol, tap water, and ammonia water, and washed in running tap water for 20 minutes. 
Eosin was then applied to the sections for 4 minutes followed by dipping into 95% 
alcohol. Finally, slides were mounted in Permount (FisherBrand).  
2.18 Microarray 
2.18.1 Gonad Uniclone Microarray 
We have used our gonad-derived zebrafish cDNA microarray for the analysis of QVD 
effect during gonad development. A total of 116638 gonad-derived zebrafish expressed 
 42 
sequence tags (ESTs) was identified, 21% of which were isolated in our lab. New ESTs 
(4613) originated from the adult zebrafish testis and ovary and 11010 sequences from the 
differentiating gonad [3, 4 and 5 week’s post-fertilization (wpf)] were generated. After in 
silico normalization, a gonad-derived microarray comprising 6370 unique, full-length 
cDNAs from differentiating and adult gonads has been constructed (Sreenivasan et al. 
2008a).  
 
2.18.2  Microarray target preparation and hybridization 
In this study, we used the vas::EGFP transgenic line. Juvenile zebrafish having EGFP 
expression were fed with QVD (define)-treated feed (2 mg QVD/g feed) from 24-42 dpf. 
Gonads were isolated from 36 dpf individuals for six QVD-treated (Q1, Q2, Q3, Q4, Q6, 
Q7) and seven untreated control individuals (C1, C3, C4, C5, C7, C8, C9). Total RNA 
was isolated from the gonads using Qiagen RNA kit and quantified using a Nanodrop 
ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA). 
RNA quality was also verified by agarose gel electrophoresis. Total RNA (37.8 ng) was 
amplified and labeled using Amino Allyl MessageAmp™ II aRNA Amplification Kit 
(Ambion, Austin, TX, USA), as described in  et al, 2008a. Two rounds of amplification 
were performed and a total of 15 ug aRNA was labeled. All samples were labeled with 
Alexa Fluor 647 dye and a common reference comprising a pool of 1.5 of each of the 13 
targets was labeled with Alexa Fluor 555 dye. Labeled targets were quantified on a 
Nanodrop spectrophotometer and their quality was assessed using a Typhoon 9200 
Variable Mode Imager and ImageQuant TL software (GE Healthcare). Each labeled 
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target was hybridized against the common reference onto the Gonad Uniclone Microarray 
according to (Sreenivasan et al. 2008a).  
 
2.18.3 Statistical analysis of microarray data 
Normalization of array data and subsequent statistical analysis was performed according 
to Sreenivasan et al, 2008a. In order to reveal probes that showed statistically significant 
differences in expression between QVD-treated, untreated female and untreated male 
control individuals, a 1-way ANOVA parametric test, with variances assumed equal and 
p-value of less than 0.01, was performed on the 6738 genes on the Gonad Uniclone 
Microarray. A multiple testing correction using Benjamini and Hochberg False Discovery 
Rate was also applied. To identify genes that were differentially expressed between the 
three groups, a Student-Newman-Keuls post hoc test was also performed on these genes. 
 
2.18.4 Microarray quality control 
The Gonad Uniclone Microarray contained two technical replicates for each probe for 
correction of intra-hybridization variation. A scatter plot showing the background-
subtracted raw intensities of Technical Replicate B against Technical Replicate A of all 
hybridizations is shown in Suppl. Fig. S1. The technical replicates had similar intensities, 
indicating a high level of reproducibility. As we were using individuals undergoing 
gonad differentiation, biological replicates were expected to be highly variable.  
The background of all slides was relatively low as a median background-subtracted raw 
intensity of 13 was obtained for 111 negative control probes described in (Sreenivasan et 
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al. 2008a). As such, it was necessary to filter out spots which had expression levels below 
that of the negative controls. 
2.19 Gonadal explants 
We used both testis and ovaries from vas:egfp transgenic zebrafish line (where all 
oocytes express EGFP) for the effort to make gonadal explant . Zebrafish were sacrificed 
in ice-cold water and rinsed with ethanol. Testes and ovaries were isolated with sterile 
forceps and put in culture medium. Each ovary was cut into four pieces, while single 
testis was used for testis-explant culture.  First, we have used three different culture 
media in order to find out the suitable one: L15-Leibovitz (HyClone, cat# SH30525); F-
12 (HAM) (GibcoBRL, Life technology, cat# 11765-054) and DMEM (Sigma, cat# D-
6429). All media were supplemented with 10% fetal bovine serum (FBS). To prevent the 
contamination, an antibiotic cocktail (HyClone, cat # SV30079) containing penicillin, 
streptomycin and amphotericin B was used. The status of the explants was monitored by 
visual inspection. It appeared that the EGFP expression in the ovaries was stable for a 
week. Based on our observations, it seems that the combination of DMEM and F12 (50% 
each) supplemented with 10% FBS supported the ex-vivo growth relatively better as 
compared to single medium. For subsequent experiments we used this media 
composition. To check the status of the explants, histology and real-time PCR was 
performed. After three days of culture, both testis and ovary explants were processed for 
histology. We used 24 h old testis explants for expression analysis. For this purpose, one 
freshly isolated testis from one individual was preserved for RNA isolation and the other 
testis was cultured ex-vivo. All these experiments were performed at least in triplicates.  
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Chapter 3 Results 
 
3.1   The role of apoptosis during testis formation  
3.1.1 A broad spectrum caspase inhibitor suppressed apoptosis in zebrafish embryos, 
juveniles and adults  
To investigate the role of apoptosis in the gonad transformation process of zebrafish, we 
used a broad spectrum caspase inhibitor QVD to suppress apoptosis during testis 
differentiation (Caserta et al. 2003). We chose this drug, as it was found to be more 
effective and less toxic in mammalian cell lines and animal models as compared to other 
widely used anti-apoptotic drugs, such as Z-VAD-fmk and B-D-fmk (Caserta et al. 2003; 
Renolleau et al. 2007). As there was no information available concerning the 
effectiveness of QVD in zebrafish, we first assessed its effects in embryos. In order to 
allow for easier visualization of the inhibitory effects of QVD, we treated the embryos 
with two pro-apoptotic drugs: either with cycloheximide, a protein synthesis blocker 
(Negron& Lockshin 2004), or with camptothecin, a DNA replication inhibitor (Cole& 
Ross 2001). Caspase-3 assay was performed to estimate the overall apoptotic activity as 
this enzyme is the main executor in most apoptotic pathways. 
 
First, different concentrations of cycloheximide were used to induce apoptosis in germ 
ring stage (6 hpf) embryos. The results of caspase-3 assay have demonstrated that 
cycloheximide induced apoptosis in the embryos in a concentration-dependent manner 

















From this experiment, 50µM concentration of cycloheximide was chosen to be used for 
further experiments. For camptothecin, 60 µM concentration was used as described  
previously (Ikegami et al. 1999).  
Next, increasing concentrations of QVD were tested for their ability to block the 
cycloheximide- and camptothecin-induced apoptosis. QVD was able to suppress the 
chemically induced apoptosis in embryos effectively even at the lowest concentration 
(5µM) used in this study (Fig. 7A-B). The results obtained by caspase-3 assay were 

















































































Fig. 6: Cycloheximide-induced apoptosis in zebrafish embryos in a 
concentration-dependent manner. Embryos (6hpf) were treated for 4 hrs 
with mock (control) or cycloheximide (CHX; at either 5 µM, 10 µM, 25 
µM, 50 µM, 100 µM or 200 µM). Caspase-3 activity was measured from 
extracts derived from pooled whole embryos (n=40). Data presented in 


























































































































Fig. 7:  QVD, a wide range caspase inhibitor, suppressed cycloheximide- 
(CHX) or camptothecin- (Campt) induced apoptosis in zebrafish embryos. A) 
Embryos (6 hpf) were treated for 4 hrs with mock (control), CHX (50 µM) or 
CHX+ QVD (at either 5 µM, 10µM or 25 µM as indicated). Embryos were pre-
incubated with QVD for 30 min prior to addition of CHX. Caspase-3 activity 
was measured in extract derived from whole embryos (n=40). Data presented in 
bars are mean values ±SD of three independent experiments, statistical analysis 
was performed by Student test: * p < 0.05 B) Caspase-3 assay for campt (60 
µM) or campt + QVD treatment as described above; C) DNA ladder assay. 
Embryos (n=50) were either treated with CHX (50 µM) or CHX+QVD (50 
µM+10µM). Pooled DNA was isolated, separated on a 1.2% agarose gel and 
stained with ethidium bromide to determine DNA laddering against 100 bp 
DNA molecular weight markers.  
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For the treatment of adults we compared two methods for delivering the drug: adding 
QVD to the holding water versus mixing it with the feed. Following treatment with these 
two methods for 2 days, ovary and liver were isolated from both sets of individuals and 
their controls to perform caspase-3 assay.  Our results showed that both delivery methods 
were effective in suppressing apoptosis in adult organs (Fig. 8), thus we selected the 
more cost-effective feed-based treatment for the treatment of juveniles.  
 
3.1.2 Chemical inhibition of apoptosis in zebrafish juveniles substantially delayed 
testis formation 
We treated zebrafish juveniles of 24 dpf of age with QVD until 42 dpf. Juvenile zebrafish 
transgenic to the vas::egfp construct were sorted based on their gonadal EGFP levels and 
strongly to moderately expressing individuals (females as well as type I and II males; 
Wang et al., 2007) were chosen for the treatment. Samples were collected at 5 and 6 wpf 
and caspase-3 assays were performed in order to monitor the efficiency of the treatment. 
The results have shown that caspase-3 activity was substantially inhibited (by approx. 












































Fig. 8: Testing the delivery approaches of QVD in adult zebrafish. A) Adult 
zebrafish were kept in rearing water (10µM) for two days. B) Fish were given 
QVD treated feed (2mg/g of feed) twice a day.  In both cases, caspase-3 activity 
was measured in extract derived from isolated organs. Data presented in bars 


















































We have also collected samples from a mixed group of ‘type II’ and ‘type III’ juvenile 
males (Wang et al, 2007) at different time points during the QVD exposure to investigate 
the gonadal transformation process. Moreover, the EGFP expression was monitored by 
fluorescent microscopy during treatment period. In control fish, based on EGFP 
expression, there were obvious signs of developing male and female gonads, respectively. 
The intensity of EGFP expression became stronger and more stable in presumptive 




















Fig. 9: Inhibition of apoptosis during gonad development of zebrafish in 
response to QVD exposure. Juvenile zebrafish males (types II and III) and 
females were fed with mock-treated and QVD-treated fish feed (2mg/g of 
feed) from 24 dpf. Caspase-3 activity was measured in extracts obtained 
from all visceral organs. Data presented in bars are mean values ±SD, 
statistical analysis was performed by Student test: * p < 0.05 
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males from 30 dpf onwards. In most presumptive control males, there was no visible 
EGFP expression at 6 wpf. On the contrary, in most QVD-treated individuals, the 
intensity of EGFP expression could still be observed clearly up to 6 wpf, only in the few 
remaining cases were there signs of reduced EGFP intensity.  
 
The histological analysis of developing gonads between 4-6 wpf yielded data that were in 
agreement with EGFP expression levels as described previously (Wang et al. 2007b). In 
developing control females, juvenile oocytes appeared to increase in size (starting at 35 
dpf) and later matured throughout the observing period (Fig. 10A-D). In control males, 
juvenile oocytes underwent apoptosis starting from 4 wpf (Fig. 10E). In most cases, there 
were no more apoptotic oocytes observed at 5 wpf (Fig. 10F) in transforming gonads and 
at 6 wpf spermatocytes were obvious in the developing testes (Fig. 10G). Spermatids (but 
not spermatozoa) were observed at 7 wpf in the developing testes (Fig. 10H). In QVD-
treated individuals, apoptotic oocytes were not observed up to 5 wpf (Fig. 10I-J). In 
some cases, at the end of treatment (6 wpf), a few apoptotic oocytes could be observed in 
the presumptive males (Fig. 10K), while in presumptive females, juvenile oocytes were 
further matured (data not shown). One week after the end of QVD treatment (7 wpf), 
apoptotic oocytes were absent from all transforming testes and spermatocytes started to 
appear in the developing testis (Fig. 10L), suggesting a delay of testis formation in 
response to QVD exposure. 
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Fig. 10: Testis formation was delayed due to QVD exposure as revealed by 
histological analysis. In this study, we used vas::efgp transgenic zebrafish line. 
Juvenile fish (24 dpf) with moderate to strong EGFP expression were selected for the 
QVD experiment. In non-treated fish (control), ‘juvenile ovaries’ were observed at 
28 dpf. In case of female development, these ‘juvenile ovaries’ gradually matured 
afterwards (A-D), while in case of potential males, there were signs of degenerating 
oocytes at 28 dpf (E) and a transforming testicular structure was obvious at 35 dpf 
(F). Later on, these testicular structures completed the testis development process (G, 
H). In contrast, in of QVD-treated individuals, the ‘juvenile ovary’ structure was 
maintained until 42 dpf (I, J, K). One week after the termination of QVD treatment, a 
testicular structure started to emerge (L). Arrowheads indicate degenerating oocytes; 
po - perinuclear oocyte. 
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Following QVD exposure, treated and control groups were grown up to adulthood to 
determine their sex ratios. Our results revealed that the sex ratio has not changed 
significantly in response to QVD exposure (Fig. 11). When these QVD-treated adult 
individuals were crossed with wild type counterparts, all the QVD-treated fish were 
found to be fertile. Histological analysis of the adult gonads demonstrated that the 



















Fig. 11:  The sex ratios of adult zebrafish remained the same after QVDtreatment. Three 
batches of juvenile fish (24 dpf) were treated with QVD until 42 dpf. Following 
treatment fish were grown to adulthood. No significant sex ratio changes were observed 
in QVD-treated fish (n = 217) as compared to controls (n = 230) when analyzed by 





















3.1.3 Transcriptome analysis of developing gonads exposed to QVD showing 
differentially expressed genes  
We have performed microarray analysis on QVD-treated individuals to investigate the 
global gene expression profile using our Gonad Uniclone Microarray containing 6738 
probes, corresponding to about 6370 unique genes (Sreenivasan et al. 2008a). For this 
Fig. 12: Histology of adult gonads after QVD treatment. During gonad development, 
juvenile zebrafish (24 dpf) were treated with QVD until 42 dpf. At the end of the 
treatment, fish were grown to adulthood. There were no morphological differences 
observed both in the QVD-exposed adult ovary (B) and testis (D) as compared to 
that of controls (panel A for control ovary whereas C denotes testis). Stages of 
oocyte: I - perinuclear, II - cortical alveolus and III - vitellogenic. Labels: psc, 
primary spermatocyte; scc, secondary spermatocyte; sp, spermatid and spz, 
spermatozoa  
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purpose, we used six 36 dpf individuals undergoing QVD treatment and seven controls. 
After performing a 1-way ANOVA parametric test on all genes on the array, 2447 genes 
were found to have statistically significant differences between QVD-treated, untreated 
female control and untreated male control individuals. Gene expression profiles of two 
control individuals appeared to be very different from those of the other five controls. 
Upon comparing the expression profiles of some previously known ovary-expressed 
genes [eg. zona pellucida 2 (zp2), 3-beta hydroxysteroid dehydrogenase (hsd3b) and  
cytochrome 450 side chain cleaving enzyme (cyp11a1)] we categorized the seven control 
fish into two groups: control male group comprising putative male individuals C1 and C9 
(showing low expression of the above genes) and control female group comprising 
putative female individuals C3, C4, C5, C7 and C8 (showing high expression of the 
above genes).  
 
When analyzed by line graph, two distinct groups of control individuals were observed. 
The gene expression profiles of QVD-treated individuals clearly resembled those of 
control female group (Fig. 13). In the QVD-treated group, it appears that the expression 
of some genes was deviating from that of control female group towards a more male-like 







Fig. 13: Line graph depicting the expression profiles of genes differentially 
expressed between QVD-treated, Control-F and Control-M individuals. These genes 
were derived from a 1-Way ANOVA (p-value < 0.01 with Benjamini and Hochberg 
multiple testing correction) performed on all genes on the Gonad Uniclone 
Microarray. The normalized intensity in log scale is shown on the Y-axis. 
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A condition tree was created by performing a hierarchical clustering with a similarity 
measure using Pearson correlation coefficient and a complete linkage algorithm on all 
6738 probes on the array. The condition tree validated our prediction of the existence of 
two groups of control individuals (ie. putative males and females), as the controls 
clustered into two distinct groups (Fig. 14; labeled in blue and pink respectively). Q7 
clustered together with all the control female individuals, and thus appeared to be a non-
transforming individual. On the other hand, the other QVD treated individuals (Q1, Q2, 
Q3, Q4) fell under a separate subclade and had expression profiles that resembled both 
control male and control female profiles, thereby indicating that these individuals may be 
undergoing a female-to-male transformation, albeit at variable rates which were much 
slower than that of the control males. Individual Q6 clustered most closely with the 
control male individuals as several male expressed genes were swtiched on, indicating 
that this individual was further down the gonadal differentiation process compared to Q1-
Q4. 
From the list of differentially expressed genes derived from the 1-way ANOVA, 141 
genes were found to be up-regulated by at least 1.5-fold in QVD-treated when compared 
with control female individuals, whereas 146 genes were down-regulated. On the other 
hand, 1837 genes were up-regulated at least 1.5-fold in QVD-treated as compared to 
control male individuals and 483 genes were down-regulated (Suppl. Table S2-5). A 
selected set of these genes and their normalized intensity values on the array are shown in 
Table 2.   
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Fig. 14: Hierarchical clustering of 2357 genes that were differentially-expressed 
among QVD-treated, Control-male (C1 & C9, blue color) and Control-female 
individuals (C3, C4, C5, C7 & C8, pink color). Individual gene expression profiles are 
plotted horizontally against vertical columns of each biological replicate from each 
treatment group. Strongly expressed and weakly expressed genes with respect to the 
common reference are represented in red and green respectively. These genes were 
derived from a 1-Way ANOVA (p-value < 0.01 with Benjamini and Hochberg 


















Genbank ID Gene symbol Gene name Ctrl-M Ctrl-F QVD QVD/Ctrl-F QVD/Ctrl-M
Apoptosis-related genes
BC097103 casp9 caspase 9 0.34 0.94 1.14 1.21 3.36
CO355630 bax bcl2-associated X 1.75 0.94 0.95 1.01 0.54
EV560657 pdcd11 similar programmed cell death protein 11 15.62 0.55 1.94 3.50 0.12
EV605206 bcl2l13 similar to Bcl2-like 13 (apoptosis facilitator) 0.01 1.05 0.83 0.79 82.83
CO351481 tmsb thymosin, beta 13.09 0.90 1.29 1.43 0.10
Signaling-related genes
CO354256 ck2 casein kinase 2 41.16 0.75 1.00 1.33 0.02
CO353401 cdh1 similar to cadherin 1, epithelial 4.81 0.63 1.37 2.17 0.28
EV559910 gpr160 G protein-coupled receptor 160 0.02 1.68 0.93 0.55 38.34
Steroidogenic genes
CO349867 hsd3b hydroxy-delta-5-steroid dehydrogenase, 3 beta 0.05 1.02 1.06 1.04 22.06
CO355498 hsd11b2 hydroxysteroid 11-beta dehydrogenase 2 3.23 0.86 1.03 1.19 0.32
CO351589 cyp11a1 cytochrome P450, subfamily XIA, polypeptide 1 0.12 1.00 1.10 1.10 9.49
Cell division genes
CO349727 ccnb2 similar to cyclin B2 isoform 4 0.03 1.04 1.04 0.99 39.58
EV556608 ccnl1 similar to cyclin L1 isoform 1 19.35 0.47 1.87 3.98 0.10
Germ cell-expressed genes
EV558242 vasa vasa homolog 0.22 1.00 1.65 1.65 7.64
CO354057 piwil1 piwi-like1 0.31 0.93 1.71 1.84 5.52
CO349912 gez1 gonad-expressed in zebrafish 1 0.01 1.40 0.94 0.67 93.93
AF331968 zp2 zona pellucida glycoprotein 2 0.01 1.01 1.32 1.30 114.32
EV603934 zp3b zona pellucida glycoprotein 3b 0.06 1.84 0.93 0.51 16.49
EV557969 odf3l odf3-like 0.15 1.94 0.62 0.32 4.05
Gene involved in heme binding
CO356089 ba1 ba1 globin 9.70 1.00 0.76 0.76 0.08
 
Table 2: Selected genes that were differentially expressed between QVD-treated, Control-F (Ctrl-F) 
and Control-M (Ctrl-M) individuals.  
* These genes were derived from a 1-Way ANOVA (p-value < 0.01 with Benjamini and Hochberg 
multiple testing correction) performed on all genes on the Gonad Uniclone Microarray. Median 
normalized intensities of all biological replicates within each group are indicated. Ratios of median 
normalized intensity of QVD-treated against Control-F (QVD/Ctrl-F) and against Control-M 
(QVD/Ctrl-M) are also shown. The genes were selected based on fold differences and their potential 
functional significance in relation apoptosis and gonad development. 
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 3.2 The role of steroidogenic pathway in zebrafish reproduction 
3.2.1 Disrupting the balance of sex steroids in adult zebrafish by aromatase inhibitor 
and methyltestosterone (MT)  
In zebrafish, there is no molecular data available on the impact of steroidogenesis during 
gonad development and in adult gonads. Therefore, to gain insight into the molecular 
mechanism of steroidogenesis in the gonads, we treated adult fish by either addition of 
aromatase inhibitor, Fadrozole (2 mg/g of feed) to their feed or keeping them in water 
containing methyltestosterone (MT; 10 µg/L). No increased mortality of Fadrozole- or 
MT-exposed fish compared to controls was recorded during the treatment. No distinct 
phenotypic differences, including secondary sexual characteristics, could be observed 
between the controls and the individuals treated with either Fadrozole or MT. The 
expression level of vitellogenin gene (vtg) is widely used as a biomarker for endocrine 
disruption (Hutchinson et al. 2003; Matozzo et al. 2008). We, therefore, investigated the 
expression level of vtg1 on liver samples to evaluate the efficiency of both Fadrozole and 
MT treatment, respectively. The expression of vtg1 was significantly down-regulated in 
both Fadrozole- and MT-exposed individuals of both sexes (Fig. 15) as compared to non-
treated controls. The effect was more pronounced with Fadrozole, as individuals treated 
with Fadrozole showed vtg1 levels ca. 150-folds lower in the female liver compared with 
control. Interestingly, the overall size and weight of the testes were remarkably increased 
in the Fadrozole-treated males relative to their controls as indicated by gonadosomatic 
index (GSI), while there were no significant changes in case of ovaries (Fig. 16A). On 
the other hand, the GSI index of MT-treated females was drastically reduced, whereas the 




























































Fig. 15: The relative expression of vtg1 in the adult liver of both sexes of 
zebrafish exposed to either Fadrozole (2mg/g food) or MT (10µg/L) for 21 days. 
Panel (A) shows the expression level of vtg1 in response to Fadrozole exposure, 
while panel (B) designates the effect of MT treatment. The level of expression 
of vtg1 was normalized to the expression of 18S for Fadrozole while efα1 was 
used for MT treated samples. Each value is expressed as mean ± SD (n = 3). 
*Significant difference (P<0.05) between the control and treatment as 






We measured the level of 11-KT (the predominant androgen in teleosts) in male and 
female gonads by ELISA, following the treatment with Fadrozole and MT, respectively. 
The level of 11-KT was significantly increased in the Fadrozole-treated testis in 
comparison to the controls (Fig. 17A). In contrast, MT exposure resulted in a marked 
reduction of 11-KT level in the testis (Fig. 17B). In both cases, 11-KT levels were 
unaffected in the ovaries.  
 
3.2.2 Incomplete oogenesis due to E2 depletion and overdose of MT 
We have also performed comparative analysis of the gonadal histology of individuals 
treated with Fadrozole and MT, respectively, and their controls. Fadrozole exposure 
caused drastic effects on the maturity of the oocytes as revealed by histology. Ovaries 
from Fadrozole-treated individuals were less mature than those of controls: pre- 
vitellogenic oocytes (stage II) were the most prevalent form of oocytes in the former and 
the mature oocytes (stage III and IV) were virtually absent (Fig. 18A, B).  In contrast, all 
stages of oocytes (stage I-IV) were observed in the control ovaries. On the other hand, we 
did not observe obvious morphological differences between the testes of individuals 
exposed to Fadrozole and their controls (Fig. 18C, D) and the treated males were found 
to be fertile. MT exposure resulted in a remarkably perturbed ovarian phenotype. The 
size of the ovaries was drastically reduced. Although a few stage III oocytes could be 
observed in one of the four cases analyzed, they were entirely absent from the rest of the 
treated individuals. Perinuclear oocytes (stage I) were prevalent in the ovaries of MT-
treated female individuals as compared to controls (Fig. 19A, B).  MT-exposed males 
were found to be infertile, since the crossing of these fish with wild type females were 
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unsuccessful. No clear histological differences were observed between the testis of MT-





































Fig. 16: The gonadosomatic index (GSI) has increased in males following exposure 
to Fadrozole, and decreased in females following an MT-treatment. Adult 
individuals were treated for 21 days. The GSI was calculated by dividing the weight 
of a isolated gonad from an individual with that of the whole body weight.  A) The 
GSI of individuals treated with Fadrozole (2 mg/g food) vs. their controls. B) The 
GSI individuals treated with MT (10µg/L) vs. their controls. Each value is 
expressed as mean ± SD (n = 7 for Fadrozole, n=5 for MT), statistical analysis was 
performed by Student test, * p < 0.05.  
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Fig. 17: The relative concentrations of 11-KT in the adult gonads of zebrafish 
exposed to either Fadrozole (2mg/g food) or MT (10µg/L) for 21 days. Panel (A) 
shows the effect of Fadrozole, while panel (B) that of the MT treatment. Each value 
is expressed as mean ± SD (n = 3), statistical analysis was performed by Student test, 















































































Fig. 18: Histological analysis of the gonads exposed to Fadrozole. Actively 
reproducing adult zebrafish were exposed to 2 mg/g food Fadrozole for 21 days. No 
mature oocytes (stage III and stage IV) were observed in the Fadrozole-treated 
ovaries, instead these were filled mostly with pre-vitellogenic oocytes (predominantly, 
stage II) (B) compared to that of controls (A). There were no significant 
morphological differences between Fadrozole-exposed (D) and control testis (C). 
Stages of oocyte: I - perinuclear, II - cortical alveolus and III - vitellogenic. Labels: sg, 
spermatogonia, psc, primary spermatocyte; scc, secondary spermatocyte; spz, 
spermatozoa.   
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Fig. 19: Histology of the adult gonads exposed to methyl-testosterone (MT) for 
21 days. Actively reproducing adult zebrafish were treated with MT (10µg/L) for 
21 days. Incomplete folliculogenesis was observed in the ovaries exposed to MT 
(B) as compared to those of control (A). In these ovaries, perinuclear oocytes 
(stage I) were the predominant form of oocyte, where in most cases, matured 
oocytes were absent. On the other hand, MT exposure caused no significant 
morphological changes in the testes (D) as compared to controls (C). Stages of 
oocyte: I - perinuclear,  II - cortical alveolus and III - vitellogenic. Labels: sg, 
spermatogonia, psc, primary spermatocyte; scc, secondary spermatocyte; spz, 
spermatozoa.  
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 3.2.3 Spermatogenesis-related genes showed upregulated expression in response to 
E2 depletion 
Our real-time RT-PCR analysis showed that Fadrozole treatment resulted in a significant 
up-regulation of several important genes related to spermatogenesis. These include ar, 
scx1, hsf5 (1.7-fold) and prosaposin (4.5-fold) (Fig. 20A). Six genes involved in the 
steroid biosynthesis were also up-regulated including nr5a1a, nr0b1, star, cyp17a1 (4.2-
fold), and hsd17b3 (Fig. 20B).  Of the 18 genes tested, only hsd3b was down-regulated 
(61%) in the testis in response to aromatase inhibitor. Taking all these observations in 
account, it appears that the depletion of E2 level in the adult testis due to Fadrozole 
treatment exerted an inductive effect on the spermatogenic processes.  
In the ovary, on the other hand, six genes were up-regulated in response to Fadrozole 
treatment: foxl2, nr5a1a, star, cyp19a1a (10-fold), cyp19a1b and hsd17b1 (Fig. 21A, B).  
At the same time the expression of hsd17b3 was down-regulated to 73.8% of the level 
detected in controls (Fig. 21B). 
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Fig. 20: The relative expression of sex-related and steroidogenic genes in the 
adult testis of zebrafish exposed to Fadrozole for 21 days, as determined by real 
time RT-PCR. Upper panel (A) shows the expression level of sex-related genes 
while lower panel (B) indicates steroidogenic genes. The transcripts were 
calibrated against an internal control, 18S and normalized (x100%, the value in 
the control of each gene as 100%). Each value is expressed as mean ± SD (n = 
4). Stars label significant differences between the control and MT treated male 
fish as determined by Student t-test: * p<0.05; ** p<0.01; and *** p<0.001. For 







































































































































































































































































Fig. 21: The relative expression of sex-related and steroidogenic genes in the 
adult ovary of zebrafish exposed to Fadrozole for 21 days, , as determined by real 
time RT-PCR. Upper panel (A) shows the expression level of sex-related genes, 
while lower panel (B) indicates steroidogenic genes. The transcripts were 
calibrated against an internal control, 18S and normalized (x100%, the value in 
the control of each gene as 100%). Each value is expressed as mean ± SD (n = 4). 
Stars label significant differences between the control and MT treated male fish 
as determined by Student t-test: * p<0.05; ** p<0.01; and *** p<0.001. For gene 
names, see gene list.  
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3.2.4 Spermatogenesis- and folliculogenesis -related genes were down-regulated due to 
MT exposure  
MT treatment led to a significant reduction of the expression of a number of 
spermatogenesis-related genes. Among these, three testicular somatic cell-specific genes, 
amh (67%), sox9a (75.7%) and nr5a1a (64%) were down-regulated (Fig. 22A). We also 
noted that the expression of four major steroidogenic genes was down-regulated in the 
MT-treated testis: star (94.8%), cyp11a1 (75.7%), cyp17a1 (89.4%), and cyp11b2 
(85.9%) (Fig. 22B). Surprisingly, both aromatase genes, cyp19a1a (1.6-fold) and 
cyp19a1b (2.9-fold) were up-regulated. 
 
In the ovary, the expression of several genes important for folliculogenesis was 
modulated due to MT exposure. The expression of the following four genes were 
significantly up-regulated including ar (1.8-fold), prosaposin (1.7-fold), hsd3b (1.5-fold) 
and cyp17a1 (1.3-fold) (Fig. 23A, B). In contrast, MT treatment caused significant down-
regulation of the transcript levels of six genes important for steroid biosynthesis: nr0b1 
(87%), nr5a1a (76.7%), star (77.8%), cyp19a1a (76.2%), hsd17b3 (55.5%) and cyp11b2 





Fig. 22: The relative expression of sex-related and steroidogenic genes in the adult 
testis of zebrafish exposed to MT (10µg/L) for 21 days. Upper panel (A) shows the 
expression level of sex-related genes, while lower panel (B) indicates that of 
steroidogenic genes. The transcripts in the real-time PCR were calibrated with 
internal control, ef_alfa1 (efα1) and normalized (x100%, the value in the control of 
each gene as 100%). Each value is expressed as mean ± SD (n = 4). Stars label 
significant differences between the control and MT treated male fish as determined 







































































































































































































































































Fig. 23: The relative expression of sex-related and steroidogenic genes in the adult 
ovary of zebrafish exposed to MT (10µg/L) for 21 days. Upper panel (A) shows the 
expression level of sex-related genes, while lower panel (B) indicates steroidogenic 
genes. The transcripts in the real-time PCR were calibrated with internal control, 
ef_alfa1 (efα1) and normalized (x100%, the value in the control of each gene as 
100%) Each value is expressed as mean ± SD (n = 4). Stars label significant 
differences between the control and MT treated male fish as determined by Student t-
test: * p<0.05; ** p<0.01; and *** p<0.001. For gene names, see gene list.  
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3.3 Sexually dimorphic expression of steroidogenesis-related genes during gonad 
differentiation and in adult gonads  
As the ratio of sex steroids appears to regulate the expression of several important genes 
related to sex and steroidogenesis, we decided to study the possible roles of these genes 
during gonad development in zebrafish.  
 
3.3.1 Steroidogenesis-related genes favoring testis development  
The expression of the gene encoding the rate-limiting steroidogenic enzyme, 
steroidogenic acute regulatory protein (star) was similar in both types of developing 
gonads at 20 dpf, but its expression in the developing testis started to increase gradually 
throughout the 25-40 dpf time period. At 40 dpf the expression level of star was 29.91-
fold higher in the testis than in the ovary (Fig. 24A). 
nr5a1a and nr5a1b: Steroidogenic factor, nr5a1a showed similar expression levels 
between 20-25 dpf. Later, significantly higher expression levels were detected in the 
developing testis as compared to the ovary between 30-40 dpf (Fig. 24B). The expression 
of another steroidogenic factor, nr5a1b showed similar values in the two gonad types 
until 35 dpf, and became sexually dimorphic showing 8 times higher values in the 
developing testis at 40 dpf (Fig. 24C). 
cyp11b2: This enzyme, responsible for the conversion of testosterone into 11KT, showed 
similar expression levels in the developing gonads of zebrafish until 25 dpf. Later, its  
expression levels increased drastically in the developing testis compared to the ovary by 
30 dpf (102-fold) and these higher testicular levels were maintained afterwards (73.3-
































































































Fig. 24: The relative expression of steroidogenesis-related genes supporting testis development 
(from 20 to 40 dpf).  RNA samples were isolated from presumptive developing male and female 
gonads from individuals transgenic for a reporter construct and sorted according to their 
enhanced green fluorescent protein level as described in Materials and Methods. The transcripts 
in the real-time PCR were calibrated with internal control, rpl13 and normalized. Each value is 
expressed as mean ± SD (n = 4). Stars label significant differences between the control and MT 
treated male fish as determined by Student t-test: * p<0.05; ** p<0.01; and *** p<0.001. For 



















































































































































amh: The expression of the previously known earliest testicular marker, amh showed 
higher levels during testicular development than those detected in the ovary during 30-40 
dpf (Fig. 24E).  
 
3.3.2 Steroidogenesis-related genes favoring ovary development  
cyp11a1: The expression of cyp11a1 showed higher levels in the developing ovary than 
in the testis from 20 dpf until 40 dpf. The difference peaked at 35 dpf (93.2-fold higher 
values in the ovary) and dropped to 4.2-fold at 40 dpf (Fig. 25A). 
cyp17a1: In the developing ovary, the expression of cyp17a1 was expressed at a 
moderately increased level, but a significantly higher level was observed between 20-35 
dpf. Interestingly, at 40 dpf, the expression of the gene became similar in both male and 
female gonads (Fig. 24B).   
hsd3b: The expression level of hsd3b was higher in developing ovary at 20 dpf (8.1-fold) 
and higher ovarian expression was maintained until 40 dpf. The ratio peaked at 35 dpf 
(336-fold), and dropped to 3.3-fold at 40 dpf (Fig. 25C). 
cyp19a1a and foxl2: The early ovarian differentiation marker, cyp19a1a was expressed in 
a similar fashion in both developing gonads until 25 dpf (Fig. 25D). From that point, its 
expression showed increasingly higher levels (from 1.8-fold to 106.9-fold) in developing 
ovary as compared to testis during the 25-35 dpf time period. At 40 dpf the expression 
levels of cyp19a1a became similar again in both gonads. The expression levels of foxl2, a 
transcriptional regulator of cyp19a1a showed a largely positive correlation with those of 
its target genes. Its ovary/testis ratio was the highest at 30-35dpf (140-fold and 126-fold, 
respectively) (Fig. 25E). 
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Fig. 25: The relative expression of steroidogenesis-related genes that supporting ovary 
development (from 20 to 40 dpf).  RNA samples were isolated from presumptive 
developing male and female gonads from individuals transgenic to a reporter construct 
and sorted according to their enhanced green fluorescent protein level as described in 
Materials and Methods. The transcripts in the real-time PCR were calibrated with 
internal control, rpl13 and normalized. Each value is expressed as mean ± STD (n = 4). 
Stars label significant differences between the control and MT treated male fish as 

































































































































































































































































































nr0b1: The expression of nr0b1, a regulator of the major steroidogenic genes, was found 
to be higher in the gonad of presumptive females at 25 dpf and 30 dpf as compared to 
presumptive males. In contrast, its expression level became higher in developing males 
from 35 dpf (Fig. 25F). 
 
We also investigated the expression profiles of six steroidogenesis-related genes in five 
different adult tissues by qPCR. In the adult gonads, the expression levels of star 
(P=0.005), nr5a1a (P=0.04) and nr5a1b (P=0.01) were higher in the adult testis as 
compared to the ovary (Fig. 26A-C). In contrast, cyp11a1 (P=0.009), cyp17a1 (P=0.01), 
and hsd3b (P=0.01) showed higher expression in the ovary (27A-C). The expression of 
all these genes was also detected in the brain, albeit at a very low level for cyp11a1. 
Interestingly, nr5a1a (P=0.007) and nr5a1b (P=0.02) exhibited higher expression levels 
in the male brain than in the female one (Fig. 26B-D). In general, all the genes tested 
were expressed in the other organs (brain, kidney, and liver) at very low levels as 
compared to the gonad, with exception of hsd3b and nr0b1. Interestingly, hsd3b showed 
highest expression in the brain (at least over 80 folds relative to testis, P=0.02) (Fig. 
27C), whereas nr0b1 was expressed predominantly in the liver (5- folds higher relative to 
testis, P=0.02) (Fig. 26D). 
 
3.3.3 Estrogen depletion by aromatase inhibitor caused up-regulation of testicular 
genes during gonad development 
We tested the possible role of hormonal ratio on the expression of sex-related genes 
during gonadal development in zebrafish. Hormonal ratio was pertubed by treatment with 
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compounds expected to cause depletion in the level of estrogen. For this purpose, 
potential future females sorted based on strong EGFP at 24 dpf as described earlier 




































































































Fig. 26: The relative expression of testis-enhanced steroidogenesis-related genes in adult 
zebrafish tissues. The transcripts in the real-time PCR were calibrated with internal control, 
18S and normalized. Each value is expressed as mean ± SD (n = 3). F, female; M, male. For 
































































































 Following treatment, transcript levels were quantified by qPCR analysis performed on 
the isolated gonad samples. As anticipated, the expression of vtg1, a biomarker of E2 






































































































































Fig. 27: The relative expression of ovary-enhanced steroidogenesis-related 
genes in adult zebrafish tissues. The transcripts in the real-time PCR were 
calibrated with internal control, 18S and normalized. Each value is expressed 








Our results showed that two known early testicular markers, amh and sox9a, were 
significantly up-regulated in response to Fadrozole (Fig. 28B).  
Similarly, the expression level of a steroidogenic factor, nr5a1a and the rate-limiting 
enzyme for 11-KT synthesis, cyp11b2 also increased. Together, these data imply that the 
induction of testis development pathway was initiated in the somatic cells of the gonad. 
Other key steroidogenic genes (star, cyp11a1 cyp17a1 and hsd3b) involved in the 
synthesis of both E2 and 11-KT were not modulated in response to Fadrozole. As 
expected, the expression of the brain aromatase gene cyp19a1b was down-regulated, but 
that of gonadal aromatase, was up-regulated (Fig. 28B). A similar response was also 
noted in Fadrozole-treated adult ovary. On the other hand, the expression of a potential 
testis marker, dmrt1 was not modulated, while the important ovarian differentiation gene, 
nr0b1 were found to be down-regulated substantially in response to Fadrozole (Fig. 28B). 
 
3.4 Comparative analyses of candidate genes for the identification of early 
testicular markers in zebrafish 
 Since the timing and the extent of gonadal transformation of juvenile ovary to testis is 
highly variable among different individuals of zebrafish (Wang et al. 2007b), we invested 
our efforts to identify new testis markers in order to improve our understanding of the 
molecular events during early testis development. Prior studies in our lab identified some 
testis-specific (or preferentially expressed) genes based on transcriptome analysis of adult 









































































Fig. 28: Induction of testicular genes in the juvenile ovary in response to Fadrozole 
(50 µg/L). Presumptive females (24 dpf) sorted according to reporter gene 
expression using vasa:egfp transgenic line were exposed to Fadrozole for 7 days. A) 
The relative expression of vtg1 in Fadrozole-treated juvenile fish. B) The relative 
expression of sex-related genes. For this purpose, RNA was isolated from the 
trunks. The transcripts in the real-time PCR were calibrated with internal control, 
18S and normalized (x100%, the value in the control of each gene as 100%) . Each 
value is expressed as mean ± SD (n = 6). Stars label significant differences between 
the control and MT treated male fish as determined by Student t-test: * p<0.05; ** 






































 The expression patterns of seventeen of these novel candidate genes and the zebrafish 
orthologs of three other sex-related genes was analyzed by RT-PCR. Their expression 
levels were first tested in ten different adult organs (testis, ovary, kidney, liver, heart, 
muscle, intestine, brain, eyes and skin). To our surprise, androgen receptor (ar) and 
rosbin were found to be expressed ubiquitously in zebrafish (Table 3). Four candidate 
genes showed testis-enhanced expression (Fig. 29). In the present study, the androgen 
receptor and two of these novel candidates (later named as scx1 and hsf5) were 
characterized extensively.  
 
Gene studied Tissue specific expression (Adult)
DR_UNI_FL27_C02 Testis, ovary, kidney, brain
DR_UNI_FL12_F12 Testis, ovary, kidney
DR_UNI_FL26_B02 Testis, ovary, kidney, brain
DR_UNI_FL24_B07 Ubiquitous
DR_UNI_FL26_C11 Ubiquitous




DR_UNI_FL10_C11 Testis, ovary (very low)
DR_UNI_FL08_D05 Testis, ovary, kidney, brain
DR_UNI_FL07_A10 Testis, ovary, brain
DR_UNI_FL29_H06 Testis
DR_UNI_FL24_C04 Testis, ovary, brain
DR_UNI_FL30_F12 Testis, ovary, kidney
DR_UNI_FL21_A04 Ubiquitous
Tektin Testis, kidney, brain, skin, eye
Rosbin Ubiquitous
Prosaposin Testis, ovary, brain
Androgen receptor Ubiquitous
Table 3: Candidate genes screened by RT-PCR in order to 

















3.4.1 Androgen receptor  
3.4.1.1 Androgen receptor showed sexual dimorphic expression in developing gonads 
and adult tissues of zebrafish  
We cloned the full-length zebrafish androgen receptor (ar), which is 5.3 kb long 
(Genbank ID: EF427915) encoding a putative polypeptide of 868 amino acids.  
Sequence analysis of the full-length zebrafish ar cDNA revealed that there were two 
potential translation start sites (ATG) within the transcript. The sequences surrounding 
the first one (ACTATGG) were consistent with the Kozak rule for efficient initiation of 













































































































































Fig. 29: RT-PCR for identifying genes with testis-specific or testis-enhanced 
expression in adult zebrafish. With the exception of testis and ovary, all other 
samples are mixtures from amle and female individuals.Gene symbols: ts2: 
testis-specific 2; hsf5: heat shock factor 5; scx1: spermatocyte-expressed 1; 
bactin: beta-actin  
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Like other canonical Ars, the putative amino acid sequence of the zebrafish Ar protein 
could be subdivided into three domains: transactivation domain (TAD), DNA-binding 
domain (DBD) and ligand binding domain (LBD) (Fig. 30). Unlike in mammalian 
androgen receptors, the poly-glutamine rich tract at the N-terminus does not exist in 
zebrafish Ar.  
 
 
From an evolutionary standpoint, at least two Ar receptors are likely in zebrafish due to 
genome duplication. We tried to map ar in the zebrafish genome assembly using Ensembl 
database (Zv6) and in the LN54 radiation hybrid panel, but neither of these tools was able 
to assign ar locus to a specific position of a chromosome. Then we performed Southern 
blot analysis, which indicated a single locus of ar (Fig. 31). We have also looked for 
additional transcript(s) produced from a potential second ar locus, we performed RT-
PCRs using different sets of primers binding to the LBD domain and producing 
Fig. 30: The structure of the zebrafish androgen receptor mRNA and protein. A) 
The full-length mRNA of zebrafish ar was assembled from two overlapping cDNA 
clones. The sequence covering the 50 end (segment 1) was obtained by RT-PCR 
with primers designed based on EST sequences, whereas the sequence covering 
the 30 end (segment 2) was from a library screen. B) The zebrafish Ar protein 
shows conservation of the three major domains: transactivation domain (TAD), 
DNA-binding domain (DBD), and ligand binding domain (LBD). 






overlapping products as well as 5´ RACE on the 3.5 kb long partial ar cDNA isolated 
from the library. Neither of these attempts could detect a different type of zebrafish ar 
cDNA (data not shown). Finally, the version of zebrafish genome assembly in the 
Ensembl database (Zv8) became available at that time and we have re-searched it with 
our full-length ar cDNA. The results have confirmed the presence of a single ar locus 
located at chromosome 5 between 33,987,973 bp and 34,107,621 bp (119.6 kb), 





  AseI   PstI 
  AseI    PstI 
  5` probe   3` probe 
Fig. 31: Single locus of ar in zebrafish genome, as revealed by Southern blot 
analysis. Genomic DNA digested with the indicated restriction enzymes was 
separated by agarose gel electrophoresis, blotted onto membrane, and 
hybridized with labeled ar fragments representing the 5’ UTR and 3’ UTR. 
The size standard (DIG Molecular-Weight Marker III; Roche) is shown on the 
left side of both panels. 
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3.4.1.2 Sequence homology and phylogenetic analysis of vertebrate androgen receptors 
We compared the deduced amino acid sequence of the zebrafish Ar with those of other 
teleost Ar proteins. The results revealed that the TAD sequences were the most divergent 
among species: their sequence similarity ranged from 13% (Nile tilapia Arα) to 78% 
(fathead minnow; Suppl Table S6). In contrast, the DBD and LBD domains showed 
substantially higher level of sequence similarity with those of other species: 77–97% for 
DBD, and 66–96% for LBD. As expected on the basis of taxonomic relationships, the 
whole zebrafish Ar protein showed the highest level of sequence similarity (84%) to the 
goldfish and fathead minnow Ars, whereas the lowest similarity (40%) was to Nile tilapia 
Arα. Phylogenetic analysis using putative amino acid sequences was carried out to 
determine the relative relationship of the zebrafish Ar to those of 26 other vertebrate 
counterparts (22 fish Ar proteins and four from other vertebrates). The genome of five 
fish species contains two Ar proteins (Suppl. Table S7). The pairwise clustering of two 
ar sequences in the same species indicates the presence of two loci and ruled out the 
possibility of alternative transcription from the same locus. When the 27 Ar sequences 
(and the Japanese eel progesterone receptor used as a root) were analyzed by neighbour-
joining method the results showed that zebrafish Ar clustered with the two other cyprinid 
orthologs into a separate sub-clade that is part of the Ar beta clade (Fig. 32).  
 
 87 
Fig. 32: Phylogenetic analysis of vertebrate androgen receptor proteins based 
on the ligand binding domains. All Ar sequences except that of the zebrafish 
were retrieved from GenBank. Sequences were aligned by the CLUSTALW 
software, whereas the phylogenetic tree was constructed with the neighbor-
joining method with Poisson correction model as implemented in MEGA 
(version 3.1) and rooted by the progesterone receptor of the Japanese eel. Node 
labels above the branches show bootstrap values (50% only). 
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3.4.1.3 Sexually dimorphic expression of the ar gene in zebrafish gonads 
Using real-time PCR, we found that the ar transcript was maternally deposited into the 
embryo and its level was maintained until 50% epiboly, then it was drastically reduced by 
5 somite stage. Obvious signs of zygotic expression could be observed as early as 24 hpf. 
Expression levels increased substantially afterwards over the course of development (Fig. 
33A). In developing gonads, the expression level of ar was similar at 4 wpf, but at later 
stages the expression level increased significantly in the developing testis in comparison 
to the ovary (Fig. 33B). In adults, ar was expressed ubiquitously in all tissues tested 
irrespective of sexes. Only in testis and male muscle, was the expression significantly 
higher than in the corresponding female organs (Fig. 34). We have not found any 
significant sexually dimorphic expression between the brains of the two sexes. 
 
3.4.1.4 Flutamide treatment to block the androgen receptor during testis formation 
 In order to investigate whether zebrafish Ar is essential during gonad development, we 
treated juvenile zebrafish with an androgen receptor inhibitor, Flutamide, widely used in 
human clinical practice. The concentrations of Flutamide used (50 and 500 µg/L) were 
deduced based on the observations made by others on various fish species, such as 
































































































Fig. 33: The relative expression of ar mRNA during zebrafish development. A) 
Expression of ar during early development.  RNA samples were collected from 
whole embryos/larvae/ juveniles at different stages of development (n=15). B) 
Expression of ar during gonad development. RNA samples were isolated from 
developing male and female gonads collected from individuals transgenic to a 
reporter construct and sorted according to their enhanced green fluorescent protein 
level. The level of ar expression was normalized by the expression of bactin. 
Values represent the means ± SD (n=4) of relative expression as determined by 
real-time PCR. *Significant difference (P<0.01) between presumptive male and 






























































Following an exposure lasting for 30 days (20-50 dpf), treated individuals and their 
controls were grown until adulthood to compare their sex ratios.  No significant changes 
could be observed between the sex ratio of treated and control groups at adulthood (Fig. 
35). Histological observation showed that the gonads of treated individuals were formed 
normally like those of the controls (Fig. 36). 
 
 
Fig. 34: Zebrafish ar shows higher expression level in male gonad 
and muscle, but not the other five organs tested. The level of 
expression was normalized to the expression of bactin. Values 
represent the means ±SD (n=3) of relative expression as determined 
by real-time PCR. *Significant difference (P<0.05) was determined 





































































Fig. 35 Flutamide treatment to inhibit androgen receptor function during 
gonad development did not cause differences in sex ratio. Juvenile 
zebrafish were treated with Flutamide (550 µg/L) from 20-50 dpf. 
Following treatment, fish were grown to adulthood. There were no 
significant changes of sex ratio of Flutamide-treated fish (n = 150) as 



















3.4.2 A novel gene showing enhanced expression in spermatocytes 
3.4.2.1 Cloning and characterization of the spermatocyte-expressed 1 gene 
We cloned the full-length cDNA of a novel gene, spermatocyte-expressed 1 (scx1; 
GenBank accession no. EF554575) using a zebrafish testis-derived EST [CO354576 (Li 
et al. 2004)] as a starting fragment. The complete transcript of scx1 consisted of 1503 
nucleotides. To determine the genomic location of scx1, we mapped the sequence on the 
Fig. 36: Histology of adult gonads after Flutamide treatment. Juvenile 
zebrafish were treated with Flutamide (550 µg/L) from 20-50 dpf. Following 
treatment, fish were grown to adulthood. Histological analysis of both adult 
ovary (B) and testis (D) showed no morphological differences as compared 
to that of controls (panel A for ovary, whereas C denotes testis). Stages of 
oocyte: I - perinuclear, II - cortical alveolus and III - vitellogenic. Lebles: 
spz, spermatozoa.  
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radiation hybrid mapping panel LN54 (Hukriede et al., 1999). scx1 mapped to linkage 
group 10 between  panel markers fd59c10 and fb02f11. Our experimental results were in 
agreement with bioinformatic analysis using Zv8 zebrafish genome assembly in the 
Ensembl database, which also identified a single locus of scx1 on chromosome 10, 
spanning 22 kb (27.83-27.85 Mb) and consisting of 12 exons.  
The scx1 cDNA is predicted to encode a protein of 391 amino acids with a molecular 
weight of approximately 45 kDa. Protein domain prediction programs (Conserved 
Domain Database, InterproScan, Scan Prosite, and Motifscan) did not detect any 
previously characterized domains/motifs in the Scx1 protein. The Proscan software 
revealed that Scx1 contains six potential protein kinase C phosphorylation sites and 
thirteen casein kinase II phosphorylation sites. The SignalP 3.0 program predicted that 
Scx1 protein is non-secretory in its nature. The search for N-terminal signal peptide, 
mitochondrial targeting sequence, endoplasmic reticulum membrane retention signal, 
peroxisomal targeting signal, and RNA binding motifs using the PSORT II program 
yielded negative results for the molecule. On the other hand, the same software detected a 
bipartite nuclear localization signal (NLS) at residues 62-79 
(RRRMKEMEENLEKKERE; reliability=94.1%). The SUMO plot software predicted 
two potential SUMO (small ubiquitin related modifier) binding motifs at amino acid 
positions 29-32 and 168-171 in Scx1 (Fig. 37A).  
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Fig. 37: Structural organization of Scx1 and alignment of its orthologs. Panel 
A) The major domains of Scx1 protein. Numbers indicate the amino acid 
residues relative to the N terminus of the protein. Putative domains/motifs:  
CCD - coiled coil domain, NLS - nuclear localization signal, and SUMO - 
small ubiquitin related modifier. Panel B) Multiple alignments of vertebrate 









3.4.2.2 Phylogenetic analysis of scx1 orthologs in vertebrates   
We obtained scx1 orthologs from the public databases using the reciprocal best hit 
criterion (Wall et al. 2003) for the following species: human, macaque, mouse and 
chicken. Similarly to zebrafish scx1, the function of these orthologs has not been 
identified yet. Using zebrafish scx1 cDNA, several testis-derived ESTs from fathead 
minnow and Atlantic salmon as well as a single EST from roach were also collected from 
GenBank. Putative amino acid sequences were deduced by analyzing these ESTs. While 
the deduced amino acid sequences of Scx1 were highly conserved among cyprinids 
(Suppl. Table S8) and other teleosts, the mammalian and chicken orthologs shared 
overall low level of conservation (Fig. 37B). Phylogenetic analysis using putative amino 
acid sequences was carried out to determine the relative relationship of the zebrafish 
Scx1 to its potential orthologs from other vertebrate species. Our results showed that the 
teleost orthologs of Scx1 were clustered into one clade, and cyprinid Scx1 orthologs 
formed a separate subclade within that clade (Fig. 38A).  
 
3.4.2.3 Conserved syntheny of zebrafish scx1 and its human ortholog  
Comparative analysis of zebrafish and human genomic regions containing scx1 revealed 
conserved syntenies. The zebrafish scx1 gene was located on the genomic contig 
Zv8_scaffold 1276 which contains four neighboring genes: ENSDARG00000021165, 
scx1, ENSDARG00000026856, and ENSDARG0000009958, zebrafish orthologs of the 
human genes PICALM (phosphatidylinositol-binding clathrin assembly protein), CCD83 
(SCX1), TMEM126A (transmembrane protein 126A) and DLG2 (postsynaptic density 
protein PSD-93) respectively (Fig. 38B).    
 96 
All these human genes mapped to human chromosome 11q14.1-2. Synteny data indicates 
















Fig. 38: Phylogenetic and synteny analysis of Scx1. A) The phylogenetic tree of 
vertebrate Scx1 orthologs was constructed with the Neighbor-Joining method. 
Confidence in the phylogeny was assessed by bootstrap re-sampling of the data 
(1000). B) Schematic representation of the conserved synteny between the scx1 
genomic regions of zebrafish and human. The zebrafish scx1 gene is located on 
Zv7_scaffold 1007, which contains the three neighboring genes (picalm 
tmem126a, and dlg2), and maps to LG10. All human genes shown map to human 












































To study the functional significance of this syntheny, expression of mouse ortholog of 
scx1 was analyzed in silico using the public EST database, Omnibus. Interestingly, all 
mouse ESTs originated from testis-derived cDNA libraries. RT-PCR analysis using 
different adult mouse tissues confirmed that mouse scx1 was predominantly expressed in 

































Fig. 39: Expression analysis of scx1 mouse ortholog by RT-PCR. 
bactin was used as an internal control. The size of the bands were 
compared with 100bp molecular weight marker.  
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3.4.2.4 Analysis of scx1expression during gonad development and in adult tissues of 
zebrafish 
A similar level of expression of scx1 was detected in both developing gonads in zebrafish 
until 30 dpf. However, higher expression levels were detected in the developing testis 
than in the ovary between 35 and 40 dpf and onward (5-fold, P=0.02 for 35dpf and 21-
fold, P=0.006 for 40dpf; Fig. 40A). In adult zebrafish, scx1 was predominantly expressed 
in the testis, showing three magnitudes higher transcript levels compared to the ovary 
(Fig. 40B). Very low levels of expression were also observed in the brain, kidney and 
gut. In situ hybridization on adult testis sections detected a strong signal only in the 
primary spermatocytes (Fig. 41), suggesting a role during early spermatogenesis.  
 
3.4.3 A novel heat shock transcription factor 
3.4.3.1 Cloning and characterization of a second novel gene with testis-enhanced 
expression 
 Another EST with apparent testis-enhanced expression in adult zebrafish (EX155361) 
also originated from our full-length, normalized adult testis cDNA library. Computer 
search using the EST as a bait by BLASTn yielded seven additional testis-derived 
zebrafish ESTs from GenBank. Clustering of these sequences resulted in a consensus of 
1,581bp and RACE analysis extended the full-length transcript to 1.7 kb. Comparing the 
full-length cDNA with the sequence of the genomic locus (Ensembl, Zv8) revealed that 
this gene consisted of six exons spanning over 23.2 kb genomic sequences on 
chromosome 5. The deduced amino acids showed that the locus encoded a putative 




Fig. 40: Expression analysis of scx1 in developing gonads and adult organs 
of zebrafish. A) The relative expression of scx1 during gonad development. 
The transcripts in the real-time PCR were calibrated with internal control, 
rpl13 and normalized. B) The expression of scx1 in adult tissues. Each 





































































































3.4.3.2 Hsf5 is a new member of heat shock transcription factor family 
Bioinformatic analysis showed that the protein encoded by the gene contains an N-
terminal heat shock factor-like domain. The N-terminal helix-turn-helix DNA binding 
domain (DBD) is the most conserved functional domain both in heat shock transcription 
factors (HSFs) and in heat-shock-like factors (HSFLs). All known HSFs in vertebrates 
have two hydrophobic leucine zipper-like heptad repeat domains, named HR-A/B and 
HR-C, except for HSF4, which lacks HR-C (Fig. 42A). Similarly to HSFLs, the new 
protein, called heat shock factor 5 (Hsf5), seems to contain only a single domain, a DBD 
Fig. 41: scx1 is expressed in the spermatocytes. In situ hybridization is 
showing signal in the primary spermatocytes (psp) (A). One cluster with higher 
magnification (B). An adjacent section hybridized with the sense probe (C). 








domain at the N-terminus. The DBD of Hsf5 has 39% identity with that of Hsf1, whereas 
over 40% identity among the members of its own family (Fig. 42B).  
All heat shock factors (HSFs) have been classified based on the N-terminal HSF DNA 
binding domain. A phylogenetic tree was constructed using the amino acid sequences of 
the DNA-binding domain HSFs and HSF-like factors (HSFL). Uncharacterized orthologs 
of Hsf5 were retrieved from GenBank (Suppl. Table S10). All the previously studied 
HSFs and HSFLs grouped into separate clusters, whereas all the presumed vertebrate 
HSF5 orthologs have been accommodated in a new branch of the tree (Fig. 43). These 
data show that Hsf5 orthologs are highly conserved among vertebrates and they form a 
novel group.  Interestingly, all hsf5 orthologs tested, such as mouse hsf5, appear to be 
expressed exclusively in the testis (Fig. 44), suggesting not only structural, but functional 
conservation of the protein in vertebrates.   
 
3.4.3.3 The expression of hsf5 in the embryos, developing and adult gonads of zebrafish  
The transcripts of hsf5 were maternally deposited into the oocyte and the first sign of 
zygotic expression was observed at MBT stage (Fig. 45A). Whole mount in situ 
hybridization on MBT stage embryos also showed a strong signal of hsf5 (Fig. 45B). 
During gonad development, hsf5 was found to be expressed in a sexually dimorphic 
manner favoring testicular development at 35 dpf onwards (Fig. 46A). In adults, the 
highest expression level was found in the testis, it was at least 1500-fold higher than that 




Fig. 42: Hsf5 is a new member of  heat shock transcription factor family and it is 
conserved in vertebrates. A) Structural organization of Hsf5 and other members of 
the zebrafish HSF family; B) Multiple alignments of Hsf5 orthologs. Putative 




















Fig. 43:  Phylogenetic analysis of vertebrate Hsfs shows Hsf5 orthologs forming 
a separate clade. The phylogenetic tree of vertebrate HSFs/HSFLs orthologs was 
constructed with the Neighbor-Joining method. Confidence in the phylogeny was 
assessed by bootstrap re-sampling of the data (1000). Abbreviations: hs - Homo 
sapiens; mm - Mus musculus; gg - Gallus gallus; xl - Xenopus laevis; om - 





























































































Fig. 44: The expression analysis of hsf5 mouse ortholog by RT-PCR. 
bactin was used as an internal control. The size of the bands was 
compared with 100bp molecular weight marker. 
Fig. 45: The expression of hsf5 during zebrafish development. A) RT-PCR 
analysis shows the expression of hsf5 during different developmental stages. As 
an internal control bactin was used. B) Whole mount in situ shows a strong 

























































































Fig. 46: The expression analysis of hsf5 in the developing gonad and adult organs of 
zebrafish. A) The relative expression of hsf5 during zebrafish gonad development. 
The transcripts in the real-time PCR were calibrated with internal control, rpl13 and 
normalized. B) The expression of hsf5 in adult zebrafish tissues. Each value is 










































In situ hybridization on the adult testis sections revealed that a very strong signal was 
detected predominantly in the primary spermatocytes, while a weaker signal was also 
observed in the secondary spermatocytes (Fig. 47A). In the ovary, a very weak signal of 
hsf5 was also detected in the oocytes at all the stages (Fig. 47B).  To study the cellular 
localization of Hsf5, the full-length coding region of hsf5 was fused in-frame at the N- 
terminal end of the egfp gene, which was driven by CMV promoter. Zem2s cells were 
transfected with hsf5-egfp fusion construct. At 36h post-transfection, cells were stained 
with nuclear dye, DAPI and observed under confocal microscope. As shown in Figure 
48, the recombinant fusion protein was localized in the nucleus forming a granule-like 
structure.   
Fig. 47: In situ hybridization of a hsf5 probe onto sections of adult zebrafish 
gonads. Panel (A) shows the testis sections, where a strong signal was 
observed in both primary and secondary spermatocytes (b). A magnified 
section indicated by (c). Sense probe was used for control experiment. Panel 
(B) indicates the ovary sections. A weak signal was detected in all stages of 
oocytes (e). Stages of oocyte: I - perinuclear,  II - cortical alveolus and III - 

















As hsf5 is a member of heat shock transcription factor family, we tested whether its 
expression was regulated by stressors, such as heat shock. Adult zebrafish were heat 
shocked at 37oC for one hour and then RNA was isolated from their testis. Real-time 
PCR analysis showed that the hsf5 transcript level was unaffected by heat shock while the 
expression of a heat shock protein, hsp70 was dramatically increased, suggesting that the 
expression level of hsf5 is not correlated with the expression of hsp70 (Suppl. Fig. S4). 
 
Fig. 48: Subcellular localization of Hsf5. The full-length coding region 
of hsf5 was fused in-frame at the N- terminal end of the EGFP gene, 
which was driven by CMV promoter. Zem2s cells were transfected with 
hsf5-egfp fusion construct. pEGFP-N1 vector expressing EGFP was used 
as a control. At 24h post-transfection, cells were fixed with DAPI and 
observed under confocal microscope.  Magnifcation: 63X  
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3.4.3.4 Dominant-negative approach for the analysis of Hsf5 function in zebrafish 
In order to explore the function of Hsf5, we attempted to generate a stable dominant 
negative hsf5 transgenic zebrafish line. The repressor domain of engrailed (en) originated 
from Drosophila was fused with hsf5, which was driven by zebrafish heat-shock 
promoter, hsp70. This repressor domain has been shown to block transcription initiation 
in several vertebrate species. The hsp70::hsf5-en construct was injected into one cell 
stage embryos. At the end, we obtained two founders carrying the hsp70::hsf5-en 
construct in their genome. Unfortunately, the hsf5-en transcript was not detected in the 
offspring of these founders upon heat-shock response (Suppl. Fig. S5).  
 
3.4.4 star is the earliest testicular marker during test differentiation in zebrafish 
We compared the expression profiles of previously known testicular markers (amh, 
sox9a) with those of potential candidate genes in order to identify early markers for testis 
differentiation pathway by using qPCR analysis.  Expression analyses were performed on 
samples isolated from developing gonads using vas::egfp transgenic zebrafish over the 
20-40 dpf time periods.  As expected, early testis markers, sox9a, cyp11b2 and amh were 
expressed at a higher level in developing testis than in the ovary from 30dpf (Fig. 49A, I, 
J). On the other hand, the expression of scx1, hsf5 and ar showed increased expression in 
the male gonad only from 35dpf and onwards (Fig. 49B, C, D), while dmrt1, wt1a and 
wt1b showed a similar difference starting only at 40dpf (Fig. 49F, G, H).  
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Fig. 49: Comparative analyses of early testicular markers in zebrafish. The 
relative expression of potential candidate genes during gonadal sex development 
was analyzed on 20 to 40 dpf gonadal samples. RNA samples were isolated from 
developing male and female gonads from individuals transgenic to a reporter 
construct and sorted according to their enhanced green fluorescent protein level as 
described in the materials and method section. The transcripts in the real-time 
PCR were calibrated with internal control, rpl13 and normalized. Each value is 
expressed as mean ± SD (n = 4). Stars label significant differences between the 
control and MT treated male fish as determined by Student t-test: * p<0.05; ** 















































































































































































































































































































































































































































































































































Surprisingly, the expression of star was found to be the earliest sexually dimorphic 
marker. The difference in star expression was observed in the developing testis vs. ovary 















3.5 Data on gonadal explants 
In order to explore the function of novel genes described in our study, we have taken 
initiatives to develop a new tool, a gonadal explant culture system. In this regard, the 
isolated adult zebrafish testis or ovary were excised and grown in culture medium. Three 
different culture media were tested. It appeared that a combination of L15 and F12 
supplemented with 10% FBS supported the ex-vivo growth relatively better as compared 
20dpf 25dpf 30dpf 35dpf 40dpf
sox9a 0.77 0.27 21.46 4.01 5.20
amh 0.35 0.53 12.14 6.10 17.22
star 1.74 2.64 6.03 10.78 28.67
cyp11b2 0.80 1.16 102.05 62.80 131.29
hsf5 0.77 0.82 1.02 16.06 15.98
scx1 0.31 0.62 0.86 5.10 21.29
ar 1.04 0.88 1.02 1.52 1.35
dmrt1 0.69 0.62 1.49 0.83 7.83
wt1a 0.75 0.57 1.36 1.27 4.20
wt1b 0.49 1.10 0.88 0.83 3.21
Fold changes (Presumtive male versus female)
Table 4: Comparative analyses of expression profile 
of potential testicular makers during gonad 
*Highlighted section indicates statistically significant changes. 
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to that of DMEM and L15 alone.  The ovary originated from vasa:egfp transgenic line 
was used for ovary explant culture, which facilitated the monitoring of EGFP expression 
under microscope. We found that EGFP expression could be stable for at least one week. 
To examine the status of the growth of the gonadal explant, histology was performed 
after three days culture period. Our preliminary morphological results showed that the 
development of both testis and ovary ex-vivo was severely affected (Suppl. Fig. S6). The 
development of differentiated spermatogonia, spermatocytes and spermatids were 
markedly disturbed in the testis explant after 72 h. In the ovary explant, both stage II and 
stage III oocytes seemed to have undergone some degradation during the same time 
period. Real-time PCR analysis on one-day-old testis explant revealed that the expression 
of somatic genes were drastically down-regulated as compared to that of freshly isolated 






Chapter 4 Discussion  
 
4.1 Oocyte apoptosis is required for testis formation in zebrafish 
Testis development in zebrafish is linked to gonadal transformation of the juvenile ovary. 
The massive apoptosis of early diplotene oocytes is a hallmark for this transformation 
process (Uchida et al. 2002). Based on this observation, the authors of that study 
postulated that the oocyte apoptosis triggers testicular differentiation in zebrafish. We 
have tested the hypothesis whether apoptosis is indispensable during testis development 
by inhibiting apoptosis using a broad spectrum anti-apoptotic drug, QVD. Our 
histological data indicate that the loss of juvenile oocytes might beprerequisite for testis 
formation in zebrafish.  
In our study, we have noted that when apoptosis was suppressed, the gonadal 
transformation was delayed for about two weeks as compared to controls. One week after 
the termination of QVD treatment, prospective individuals destined to be male underwent 
testis development (Fig. 10), suggesting that the process of gonadal transformation in 
zebrafish is highly flexible and it can be delayed substantially. It is important to point out 
that QVD was not able to block apoptosis completely, only around 62 % inhibition was 
observed throughout treatment, as indicated by caspase-3 assay (Fig. 9). At the moment, 
we don’t have answer to the question: how long could gonadal transformation be 
delayed?  In this context, transgenic zebrafish line that over-expresses an anti-apoptotic 
gene specifically during this gonadal transformation process would be useful to study this 
interesting phenomenon. For that purpose, we have attempted to generate a stable 
transgenic zebrafish system carrying a well established p35 anti-apoptotic gene (Araki et 
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al. 2000; Hisahara et al. 2000), driven by an oocyte zpc specific promoter (Onichtchouk 
et al. 2003). Unfortunately, our attempt was unsuccessful.  
Generally, the overall reproductive strategy of teleost fish is relatively plastic and can be 
manipulated by exogenous/environmental factors (Devlin& Nagahama 2002). The 
natural gonadal transformation of two years old functional male to female in protogynous 
black porgy, for instance, could be inhibited by Fadrozole treatment (Lee et al. 2002). 
The ability of fish to adapt well in various environmental conditions is probably adue to 
this flexibility. 
 
The data from our gonadal transcriptome analysis indicate that the expression profile of 
individuals treated with QVD resembled those of the females. A total of 2310 genes 
(1887 up-regulated, 483 down-regulated) were differentially expressed in the QVD-
treated individuals as compared to their untreated male counterparts. On the contrary, 
only 287 genes (141 up-regulated and 146 down-regulated) were found to be 
differentially expressed in the QVD-treated fish as compared to control females. During 
analysis, control individuals have been categorized as female or male depending on the 
expression pattern of several sex-specific genes. In zebrafish, for instance, zp (zona 
pellucida) genes have been shown to express specifically in the oocytes (Liu et al. 2006). 
The expression of zp (zp2 and zp3b) was reported as early as 3 wpf, probably due to the 
fact that the ‘juvenile ovary’ phase appears to be essential in zebrafish.  In the present 
study, we found that the expression of several zp genes including zp2 and zp3b was 
significantly up-regulated in QVD-exposed individuals compared to control males 
(Suppl. Table S4). In addition, the steroidogenic genes with a high expression   
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associated with female development (eg. hsd3b and cyp11a1) were found to be similar 
both in control females and QVD-treated individuals while their expression were 
substantially up-regulated in QVD-treated individuals as compared to control males 
(Table 2), suggesting the maintenance of juvenile oocytes in those QVD-treated fish. 
However, a closer look at the global gene expression profiles showed that some of the 
QVD-treated individuals predicted to be male were transforming at slower rate relative to 
controls without visibly sacrificing juvenile oocytes (Fig. 14). In this context, the 
inhibitor of Wnt signaling pathway, cadherin 1 (cdh1) were up-regulated in QVD-
exposed individuals predicted to be males (Table 2). In mammals, the Wnt signaling 
pathway is crucial for the female sex determination (DiNapoli& Capel 2008; Vainio et al. 
1999). Recently, based on the transcriptome analysis of differentiating gonads in 
zebrafish, it has been proposed that suppression of Wnt signaling pathway might be vital 
for the testicular differentiation (Sreenivasan et al. 2008b). To our surprise, we have 
noticed that several pro-apoptotic genes such as caspase 9, bax, program death cell 
protein 11 (pdcd11) and betathymosin (tmsb) were up-regulated in the QVD-treated 
individuals, indicating that the transforming gonad is trying to upregulate the expression 
of those genes whose products would be needed for the elimination of oocytes. Based on 
our transcriptome analysis data, we suggest that the induction of testicular somatic cell 
formation was initiated prior to oocyte apoptosis and therefore, oocyte apoptosis may not 
be the trigger for testicular differentiation and likely to be a downstream event that leads 
to oocyte death in order to provide for spatial accommodation of testis development.  
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QVD is a recently developed non-toxic anti-apoptotic drug. This compound has proven to 
be a very potent inhibitor of various caspases compared to other drugs widely used earlier 
for that purpose such as ZVAD-fmk and Boc-D-fmk (Caserta et al. 2003; Chauvier et al. 
2007). QVD is equally effective in blocking apoptosis in vitro mediated by the three 
major apoptotic pathways: caspase-9/3, caspase-8/10, and caspase-12 (Caserta et al. 
2003). Recently, it was also found to be effective against caspase 2, 5, and 6 (Chauvier et 
al. 2007). This poly-caspase inhibitor has been shown to be effective in mouse/rat model 
(Renolleau et al. 2007; Vera et al. 2005). However, before our findings, there was no 
information on the effect of QVD treatment in zebrafish. Our results on the effectiveness 
of QVD would be useful for zebrafish community as zebrafish is becoming a popular 
model to study the apoptotic processes in vivo (dos Santos et al. 2008; Silva et al. 2008).  
 
Apoptosis is an essential component of ovarian function and development in mammals. 
During fetal life, apoptosis is predominantly observed in immature oocytes, while in 
adults it is mainly detected in the somatic cells of secondary and antral follicles (Hussein 
2005). In humans, initially a large number of oocytes (approximately 106) are present in 
the fetal ovary, and then their number is sharply reduced through apoptosis before birth. 
Ultimately around 450 follicles have been found to ovulate throughout a women’s 
reproductive life (Perez et al. 1999). Many studies in mammalian models have revealed 
that oocyte loss for unknown reason around the period of follicle formation, such as in 
freemartin cattle (Jost et al. 1973), transgenic mice over-expressing amh (Behringer et al. 
1990), and Wnt4-deficient mice (Vainio et al. 1999), lead to the development of a testis-
like structure where granulosa cells trans-differen
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data highlight the plasticity of granulosa cells through their ability to switch into Sertoli 
cell lineage. In contrast, there is no report on the trans-differentiation of Sertoli cells to 
granulosa cells, except in some cases of testicular tumors where granulosa-like cells have 
been described (Matzuk et al. 1992). In line with these findings, it is possible that the 
natural phenomenon of massive oocyte loss during zebrafish gonad differentiation is 
associated with the transdifferentiation of granulosa cells into Sertoli cells.  
 
It is worthwhile to note that oocyte loss does not always lead to the trans-differentiation 
of granulosa cells into Sertoli cells. During the natural course of mammalian ovary 
development, loss of oocytes does not seem to induce transdifferentiation. On the other 
hand,  a mutation of the growth differentiation factor 9 gene (Gdf9) which leads to the 
loss of the oocyte in primary follicles, results in the morphological and functional 
luteinization of the surrounding granulosa cells (Dong et al. 1996; Elvin et al. 1999) 
Thus, the difference in the effect of oocyte loss on granulosa cells may depend on the 
state/stage of differentiation of the granulosa cells, the extent of the process (i.e. limited 
or large scale) and possibly on the animal species as well.  
 
Which apoptotic pathways are operative during oocyte loss? The underlying mechanism 
of this process in the reproductive organ remains unknown. By using immunoblotting and 
immunohistochemistry, initiator caspases -8 and -9, and effector caspases -2, -3, and -7 
were detected in the developing ovary across the different gestational stages in human 
(Fulton et al. 2005). The timing of changes in germ cell development in relation to 
apoptosis might be critical for defining the mechanisms and pathways involved.  It is 
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reported that cleaved caspase 3 (active form) is mainly detected in the early stage of 
human primordial follicle formation but not during the later stages (Fulton et al. 2005). 
Analysis of caspase-3 knockout mice has indicated the importance of this enzyme during 
the apoptosis of granulosa cells but not for germ cell development (Matikainen et al. 
2001). Another interesting observation is that inactivation of caspase-2 in mouse causes a 
significant increase in the number of primordial follicles in postnatal ovary (Bergeron et 
al. 1998). In fish, there is no information available on the caspase pathways in the 
transforming and differentiating gonads.  
 
4.2 Blocking of zebrafish androgen receptor during gonad development did not 
influence the sex ratio 
Androgens direct male-specific aspects of development, physiology, reproduction and 
behavior in vertebrates (Gobinet et al. 2002; Ogino et al. 2004; Roy et al. 1999). They 
exert their function by binding to and activating the androgen receptor, a member of the 
steroid hormone receptor superfamily (Brinkmann et al. 1999). A non-functional 
androgen receptor due to mutations in the ar gene (Murakami 1987; Singh et al. 2006; 
Yeh et al. 2002) or loss-of-function in genes coding for androgen synthesizing enzymes 
(Andersson et al. 1991; Wilson 1992) both lead to abnormalities in male sexual 
differentiation and development. The ar gene has been isolated from a number of teleosts 
(e.g. (Ikeuchi et al. 1999; Olsson et al. 2005; Sperry& Thomas 1999; Takeo& Yamashita 
1999) including two cyprinids (Pasmanik& Callard 1985; Wilson et al. 2004), but the 
zebrafish ortholog has not been identified before our study. In our study, we cloned and 
characterized the zebrafish ar cDNA containing the full-length open reading frame 
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(ORF) together with its genomic locus. Similar to its orthologs, the zebrafish Ar protein 
contained all three domains characteristic to Ars and some other nuclear hormone 
receptors. Our experimental and bioinformatic analyses have found a single ar locus in 
zebrafish. Tissue-specific expression analysis revealed that the ar mRNA was expressed 
ubiquitously in all adult tissues tested, with sexually dimorphic expression in the gonad 
and muscle. While the ar transcript was maternally deposited into the embryo, signs of 
zygotic expression could be detected as early as 24 hpf and the  expression level 
increased substantially afterwards. We have also combined theoretical modelling with 
data from in vitro experiments to show that the zebrafish Ar is preferentially activated by 
11-ketotestosterone (Hossain et al. 2008). Interestingly, A (Androstenediol) was unable 
to activate the zebrafish Ar shows the importance of having a keto group in C3 position 
for an activator. Likewise, replacement of the 11-keto group, present in KT with a 
hydroxyl group, present in OHT (11β-hydroxytestosterone), abolished receptor activation 
(Hossain et al. 2008). Some other groups also cloned and characterized zebrafish ar (de 
Waal et al. 2008; Gorelick et al. 2008; Jørgensen et al. 2007). In situ hybridization 
revealed that zebrafish ar was detected in the subpopulation of Sertoli cells contacting 
early spermatogonia (de Waal et al. 2008). In adult brain, ar was found to be expressed in 
discrete regions, which have been implicated in the regulation of sexually dimorphic 
behaviors in mammals (Gorelick et al. 2008).  
At the beginning of gonad differentiation, ar was found to be expressed equally both in 
the developing testis and ovary. However, later its expression significantly increased only 
in the developing testis (Fig. 33B). A similar pattern was also reported during testis 
differentiation in European seabass (Blazquez& Piferrer 2005) and protandrous black 
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porgy (He et al. 2003). Studies in mammals have indicated that Mullerian hormone gene 
(Amh) might down-regulate Cyp19a1 (di Clemente et al. 1992; Vigier et al. 1989). In 
zebrafish, it has been proposed that amh may inhibit the expression of aromatase gene 
(cyp19a1a) during gonad differentiation (Rodriguez-Mari et al. 2005; Wang& Orban 
2007) Recently, it has been reported that the expression of amh was significantly down-
regulated when adult males of fathead minnow were treated with a well known Ar-
antagonist, Flutamide (Filby et al. 2007). Interestingly, Flutamide exposure resulted in 
the formation of intersex gonad (ovo-testis) in male medaka (Kang et al. 2006). We 
treated juvenile zebrafish (20 dpf) with Flutamide to block the Ar activity during gonad 
development.  After one month treatment of several batches of fish with different 
concentrations of Flutamide, fish were grown to adulthood. When we sexed these fish, 
we did not observe significant changes in the sex ratios (Fig. 35). Moreover, we could not 
detect significant changes in the expression of possible target genes including amh and 
other steroidogenic genes (Suppl. Fig. S2) in the zebrafish, as described previously in 
fathead minnow (Filby et al. 2007). Histology of adult gonads appeared to be normal and 
fish were fertile. Although there are no published reports concerning the effectiveness of 
Flutamide in zebrafish, an internet search has retrieved unpublished data on the subject. 
Most of those studies could not record any obvious effect on zebrafish gonads after 
Flutamide exposure. Even juvenile fish grew and matured normally after Flutamide 
treatment. One study showed that adult gonads appeared to be affected very slightly 




f . In addition, we also observed that there were no significant detectable changes in the 
expression of some potential Ar-responsive genes in gonadal explant culture (Suppl. Fig. 
S8). Very recent findings in European seabass are also in close agreement with our 
observations. In that study, Ar blocker, Cyproteone acetate (CPA) showed no effect in the 
sex ratios as well as gene expression profiles including ar and cyp19a1a (Navarro-Martin 
et al. 2009). In contrast, the testis differentiation was not affected in Ar-knockout 
(ARKO) mice, but later stages of testis development, including spermatogenesis, were 
interrupted (De Gendt et al. 2004; Yeh et al. 2002). For instance, Sertoli cell-specific 
knock-out of AR resulted in drastic reduction of spermatocyte and spermatid up to 64% 
and 3% respectively (De Gendt et al. 2004; Yeh et al. 2002).  
 
Based on our data it seems that the interaction between Flutamide and zebrafish Ar might 
be very weak, as this drug was originally designed to block human AR. The 
crystallographic structure analysis of human AR has shown that some amino acid 
residues (such as N705, R779) in the ligand binding domain are considered to be very 
important for the architecture of AR (Poujol et al. 2000). For instance, amino acid 
subsitutions at N779 to alanine, serine, or glutamine causes complete loss of the ligand-
binding and transactivation capacity of the receptor (Poujol et al. 2000). Interestingly, 
amino acid R779 is not appeared to be conserved in all teleost fish, such as in zebrafish 
(Hossain et al. 2008; Jørgensen et al. 2007) and three-spined stickleback (Olsson et al. 
2005). This suggests that the AR ligand binding domain of teleost and mammals are 
highly similar but not identical. To support this notion, a computer modeling of 
Flutamide and zebrafish Ar interaction shows that Flutamide does not appear to enter the 
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ligand-binding pocket of Ar (Per-Erik Olsson, personal communication). As a 
consequence, Flutamide might be partially effective in zebrafish. Future should study 
focus on the knockout of zebrafish ar by recently innovated technique (Doyon et al. 
2008; Foley et al. 2009)and screen for appropriate Ar-antagonist in order to study the role 
of gene during gonad differentiation.  
 
In mammals, prosaposin is considered to be an Ar-responsive gene (Koochekpour et al. 
2008; Koochekpour et al. 2007). Notably, prosaposin encodes a highly conserved 
multifunctional glycoprotein (Hazkani-Covo et al. 2002). Homozygous inactivation of 
prosaposin gene in mice resulted in the development of deformed male reproductive 
organs where spermatogenesis was negatively affected, late spermatids in particular 
(Morales et al. 2000). Recent works in cell lines have demonstrated that prosaposin can 
up-regulate androgen receptor (Ar) gene expression, whereas its own expression is 
positively regulated by a potent androgen, dihydroxytestosterone (DHT) through physical 
association with AR (Koochekpour et al. 2008; Koochekpour et al. 2007). Intriguingly, in 
zebrafish, both ar and prosaposin were modulated concomitantly in a similar fashion. 
Both these genes were up-regulated in response to Fadrozole (Fig. 20A, B) and were 
seemingly supporting the spermatogenesis since other spermatogenesis-related genes 
were up-regulated in the Fadrozole-treated testis (Fig. 20B). We have also found that 
both ar and prosaposin responded similarly in the adult ovary treated with MT (Fig. 
23A).  However, we have not noted the correlation between ar and prosaposin expression 
during gonad development in zebrafish. We also revealed that prosaposin was expressed 
at a similar level in both gonad types until 30 dpf, however at 35 dpf its expression 
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radically increased in the developing ovary compared to the testis (Fig. 49E), indicating 
the importance of this gene for ovary development. For the first time we are providing 
evidence concerning the possible relationship between prosaposin and ar in the adult 
testis and the importance of the former during ovary development in teleosts.  
 
4.3  Two novel conserved genes, scx1 and hsf5 in the testis pathway  
We have identified a novel gene scx1 in zebrafish, which is conserved among vertebrates 
both in its structure and its gonad-enhanced expression. Structural analysis demonstrates 
the presence of two potential coiled-coil domains (CCDs) in the Scx1 protein. The α-
helical CCD domains can facilitate homo- or heterodimerization (Landschulz et al. 
1989). Several CCD-containing proteins [e.g. synaptomal complex proteins 1 (SYCP1; 
(Yang et al. 2006) and 2 (SCP2/SYCP2; (Offenberg et al. 1998)]  have been associated 
with the synaptomal complex (SC), a unique structure present both in spermatocytes and 
oocytes during meiotic phase. Interestingly, all the vertebrate orthologs, except the mouse 
one, contain two coiled-coiled domains (Suppl. Fig. S3) and they are predicted to encode 
a nuclear protein. Moreover, comparative analysis of zebrafish and human genomic 
regions containing scx1 revealed conservedsynteny, suggesting that the scx1 related 
genes described from different species are true orthologs (Fig. 38). Accordingly, the 
mouse ortholog of scx1 was also expressed predominantly in the testis. The evolutionary 
conservation of scx1 and its orthologs suggests functional significance for this gene.  
In an attempt to discover early testis markers in zebrafish, we report a new member of 
heat shock transcription factor (HSF) family, hsf5. Together with the new member, the 
vertebrate HSF family now consists of five members: HSF1, HSF2, HSF4 and HSF5 are 
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conserved in all vertebrates tested so far, while HSF3 is a unique member for birds 
(Nakai& Morimoto 1993; Nakai et al. 1997; Pirkkala et al. 2001). It appears that the 
name HSF is a misnomer since most the members of the HSF family, with the exception 
of HSF1, are not directly involved in the stress response such as heat shock (Morange 
2006). In zebrafish also, hsf5 was not found to be responsive to heat shock either at 
transcription or protein level. The expression of hsf5 was observed to be maternally 
deposited and zygotic expression started to emerge from MBT stage of zebrafish 
embryos. In adults, hsf5 was mainly expressed in the gonads with higher expression in 
the testis. In situ hybridization revealed spermatocyte-specific expression (Fig. 47). 
Moreover, Hsf5 was found to localize in the nucleus in zebrafish cell line. It is relevant to 
mention here that the mouse ortholog of hsf5 was also expressed in a testis-specific 
manner. Similarly, the expression of HSFs varied strongly during cellular differentiation 
and development. Both HSF2 and HSFLs (LW1 and HSFY) show tissue-specific 
expression, predominantly in the adult testis (Rallu et al. 1997; Sato et al. 2006; Shinka et 
al. 2004).  
All the HSFs and HSFLs have so far been implicated with spermatogenesis. Studies in 
transgenic mice expressing a permanent form of HSF1 protein and knockout mice for 
Hsf2 revealed the defects caused by their excess or lack in spermatogenesis in a stage-
specific manner (Kallio et al. 2002; Nakai& Morimoto 1993; Onuma et al. 2009). Heat 
shock-like factor, HSFY is thought to be involved in male fertility since this gene is 
located in a region of the Y chromosome which is partially deleted in 10% infertile males 
with azoospermia and oligospermia (Ferlin et al. 2003; Tessari et al. 2004). Recent 
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studies have suggested that the deletion of HSFY might cause defect in the differentiation 
of spermatogenic cells (Sato et al. 2006).  
 
Both scx1 and hsf5 showed sexually dimorphic expression pattern from 35 dpf during 
testis development (Fig. 40A, 46A). In adult, the expression of scx1 was over three order 
of magnitudes higher in the testis as compared to the ovary and its expression was 
localized exclusively in the spermatocytes. These data provide an indication of a possible 
role of both scx1 and hsf5 during spermatogenesis since the onset of the first wave of 
spermatogenesis starts from 35 dpf (Wang& Orban 2007). Further experiments support 
this notion that both hsf5 and scx1 were found to be up-regulated along with other 
spermatogenesis promoting genes in the E2-depleted adult testis (Fig. 20A). 
 
4.4 Reciprocal expression of steroidogenesis-related genes during gonad 
differentiation 
We report on the molecular analyses of a number of candidate genes to gain better 
understanding of the complicated process of zebrafish gonad differentiation. Our findings 
reveal the importance of steroidogenesis-related genes, foxl2, cyp19a1a, cyp11a, hsd3b 
and cyp17a1, in ovarian differentiation, while that of star, nr5a1a and cyp11b2 in 
testicular differentiation. 
Sex steroids are known to play a crucial role during gonad differentiation in a wide 
variety of vertebrate species, including fishes, amphibians, reptiles, and birds (Devlin& 
Nagahama 2002; Orlando& Guillette 2007; Ramsey& Crews 2008). The endocrine 
regulation of gonad differentiation is a very complex process, involving a series of 
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coordinated neurological, biochemical and physiological pathways occurring in the brain 
and gonad. As a consequence of these multilevel interactions, gonadotropins are secreted 
from the pituitary, which in turn stimulate steroid production in the gonads. It is widely 
accepted that the delicate balance of sex steroids controls the process of teleost gonad 
differentiation with respect to intrinsic and environmental factors (Devlin& Nagahama 
2002; Nagahama et al. 2004).  
  
 Prior to our studies, there was no detailed information available on the molecular aspects 
of steroidogenesis during zebrafish gonad differentiation. Only few studies reported 
information about one terminal step of steroidogenesis, i.e aromatization (Fenske& 
Segner 2004; Wang& Orban 2007).  
 
In our study, we noted that the gene encoding the enzyme for steroid biosynthesis 
cascade mediating the conversion of androgen to estrogen in the gonads, cyp19a1a, was 
highly expressed during ovarian differentiation. The sexual dimorphic expression was 
seen as early as 25 dpf, followed by gradual increase in expression afterwards. On the 
contrary, the expression of cyp19a1a drastically dropped at the onset of testicular 
differentiation (Fig. 25D). These data are congruent with previous reports in zebrafish 
(Siegfried& Nusslein-Volhard 2008; Wang& Orban 2007), Nile tilapia (Ijiri et al. 2008) 
and rainbow trout (Vizziano et al. 2007). Numerous studies have strongly implicated the 
role of forkhead transcription factor, foxl2, in the transcriptional regulation of cyp19a1a. 
foxl2 is a highly conserved gene involved in the ovarian differentiation in mammals 
(Baron et al. 2005a), birds (Govoroun et al. 2004, Hudson et al. 2005), frog (Oshima et 
al. 2008) and fishes (Baron et al. 2004; Nakamoto et al. 2006; Wang et al. 2007a). Most 
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of these studies showed positive correlation between foxl2 and cyp19a1a with regard to 
mRNA expression and cellular localization. It has been demonstrated in vitro that Foxl2 
can directly up-regulate the expression of cyp19a1a in mammals and fish (Pannetier et al. 
2006; Wang et al. 2007a). In zebrafish, we have also observed the positive temporal 
correlation between cyp19a1a and foxl2, starting from 25 dpf, suggesting the functional 
conservation of foxl2 in the ovarian differentiation (Fig. 25E) 
 
Steroidogenic gene, cyp11a1, mediates the first step of steroid biosynthesis by 
hydrolyzing cholesterol into pregnenolone, while hsd3b and cyp17a1 are associated with 
the regulation of androgen synthesis (Payne& Hales 2004). It appears that key genes of 
steroidogenic pathway are expressed in a species-specific manner during gonad 
development and in adults. The expression of cyp11a1 was not sexually dimorphic in 
mice (Greco& Payne 1994), frog (Maruo et al. 2008), and rainbow trout (Vizziano et al. 
2007) while an increased expression level was reported during female gonad 
differentiation in Nile tilapia (Ijiri et al. 2008). The expression of hsd3b was found to be 
similar in both sexes during gonad differentiation in mice (Greco& Payne 1994), frog 
(Maruo et al. 2008) and Nile tilapia (Ijiri et al. 2008), but not in rainbow trout (Vizziano 
et al. 2007), where ovarian levels were higher than testicular one. On the other hand, the 
expression of cyp17a1 was up-regulated in mice (Greco& Payne 1994) and frog (Maruo 
et al. 2008) during testicular differentiation, whereas the expression was higher in the 
developing gonads of female Nile tilapia compared to respective levels in males (Ijiri et 
al. 2008). No difference in expression levels was noted during that period in rainbow 
trout (Vizziano et al. 2007). In black porgy, all these three genes were found to be up-
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regulated in the developing ovary when the testis was excised from the gonad (Wu et al. 
2008). Interestingly, we are reporting for the first time that the expression of these three 
key upstream genes in the steroidogenic pathway, cyp11a1, hsd3b and cyp17a1, 
positively correlated with cyp19a1a expression (Fig. 25A-D), suggesting the crucial role 
of all these genes to synthesize E2 necessary for the ovary development.  
 
In mammals, Nr5a1 (also known as Sf1) is involved in the sex determination through 
interaction with sex determining gene, Sry (Sekido& Lovell-Badge 2008) and testicular 
differentiation by regulating several downstream genes such as Sox9, Amh, and  Wt1 
(Sekido& Lovell-Badge 2009; Wilhelm et al. 2007).  It was also found to be an important 
activator of steroidogenic genes (Ozisik et al. 2002; Zhao et al. 2004). In the mouse 
embryonic gonads, the expression of Nr5a1 is sexually dimorphic (Hatano et al. 1994; 
Ikeda et al. 1994; Shen et al. 1994).  Before sex determination, the Nr5a1 is found to be 
expressed in the indifferent or bipotential gonads of both sexes (E9-E12). As testicular 
cords form in males, SF-1 expression persists and is detected in both the steroidogenic 
Leydig cells and Sertoli cells (Ikeda et al. 1994). In the ovary, on the other hand, the 
expression (both transcript and protein) of Nr5a1 disappears from the ovary between 
E13.5-E16.5, reappears during late gestation (E18.5)(Hatano et al. 1994; Ikeda et al. 
1994; Morohashi et al. 1994). This apparent down-regulation of Nr5a1 is coincident with 
gonadal differentiation, indicating that normal female ovarian differentiation is facilitated 
by a decrease in Nr5a1expression (Parker& Schimmer 1997).  In zebrafish, four different 
ff1 genes have been reported: nr5a1a (ff1b) (Chai& Chan 2000), nr5a1b (ff1d) (von 
Hofsten et al. 2005), nr5a2 (ff1a) (Liu et al. 1997),  and nr5a5 (ff1c) (von Hofsten& 
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Olsson 2005). In contrast, other vertebrates typically have only two paralogs:  Nr5a1 
(also known as Sf1) and Nr5a2 (also known as Lrh1). Among these, nr5a1a and nr5a1b 
showed similar tissue-specific distribution (especially in the testis) in adult zebrafish (von 
Hofsten et al. 2005).  In that study, nr5a1b (ff1d) has been proposed as a possible 
candidate gene involved with gonad differentiation in zebrafish since its expression was 
co-localized with that of a known early testicular marker (amh). In addition, nr5a1a has 
been suggested to be involved in the differentiation of steroidogenic interregnal cells 
(Chai et al. 2003; Hsu et al. 2003). On the other hand, the expression of nr5a2 was 
ubiquitous while nr5a5 is relatively restricted in the liver (von Hofsten& Olsson 2005).  
In our study, both nr5a1a and nr5a1b showed increased expression levels in the 
developing testis compared to those of the ovary, but the increase for nr5a1a was 
detected earlier (at 30 dpf) than that of nr5a1b (40 dpf) (Fig. 24B, C). The testis-specific 
expression of both nr5a1a and nr5a1b were maintained in the adult (Fig. 26B, C). By 
comparing with the expression profile of the earliest known testicular marker in zebrafish 
to date (amh), nr5a1a might be a potential candidate gene to participate in the testis 
differentiation pathway of zebrafish. However, further studies (such as co-localization) 
will be necessary to show find out the relationship of nr5a1a with other testicular 
differentiation marker (such as sox9a, amh). In widely studied teleosts, such as in Nile 
tilapia and rainbow trout, steroidogenic factor nr5a1a is not considered to be an 
important contributor for testicular or ovarian differentiation pathway (Ijiri et al. 2008). 
Moreover, expression analysis of nr5a1a in Nile tilapia has pointed towards its 
involvement in the ovary development (Ijiri et al. 2008). In the present study, we 
observed that both nr5a1a and nr5a1b were expressed throughout the gonad 
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differentiation, but their expression patterns have not shown correlation to those of most 
key steroidogenic genes, including cyp19a1a, cyp11a1, hsd3b and cyp17a1, with the 
exception of cyp11b2, a rate-limiting enzyme for 11-KT synthesis. Nonetheless, their 
potential role in regulating the estrogen synthesis during ovarian differentiation of 
zebrafish can not be excluded. The possible involvement of the other two paralogs, nr5a2 
and nr5a5, during gonad development of zebrafish remains unknown, since those were 
not included our study.  In a prior study, it has been shown that the expression of ff1a was 
detected in the urogenital and pronephric duct region of zebrafish embryo during early 




Nr0b1 is considered to be a negative regulator of several genes in the hypothalamus-
pituitary-adrenal-gonadal (HPAG) axis during normal development and in adult tissues 
by repressing Nr5a1-mediated transactivation (Achermann 2005; Iyer& McCabe 2004). 
The significance of nr0b1 in the sexual development has been reported for both sexes in 
various species. In pigs (Pilon et al. 1998) and chicken (Smith et al. 2000), nr0b1 was 
found to promote ovary development while it appeared to contribute to the testis 
development in mouse (Meeks et al. 2003) and frog (Sugita et al. 2001). No sexual 
dimorphism has been noted in Nile tilapia (Ijiri et al. 2008) and sea turtle (Torres 
Maldonado et al. 2002). From our study, it seems that nr0b1 has dual roles during 
zebrafish gonad development. It is possibly involved in the ovarian differentiation since 
the expression was increased in the gonad of presumptive females at 25-30 dpf (Fig. 
25F). In contrast, nr0b1 was found to be up-regulated in the developing testis from 35 
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dpf onward and continued to maintain sexually dimorphic expression pattern in the adult 
testis vs. ovary (Fig. 26D), suggesting a role in the testis development. A previous study 
showed that knockdown of nr0b1 with morpholinos caused down-regulation of both 
cyp11a1 and star in the developing interrenal organ in zebrafish. It has been proposed 
that nr0b1 functions downstream of nr5a1a since the knockdown of nr5a1a abolished 
nr0b1 expression during interrenal organ development, whereas nr0b1 knock down did 
not affect nr5a1a expression (Zhao et al. 2006). In mammals, NR0B1 has been shown to 
repress the expression of several important genes in the steroidogenic pathway including 
Star, Cyp11a1, Hsd3b, Cyp17a1 and Cyp19 (Manna& Stocco 2005). Conversely, in our 
study, we have not observed negative correlation of nr0b1 levels with those of 
steroidogenic genes during ovarian differentiation (until 30 dpf); instead, a positive 
correlation was observed. Interestingly, during later stages of testis development, nr0b1 
was found to be expressed in similar manner with nr5a1a, nr5a1b and star.  
 
dmrt1 - a highly conserved gene in vertebrates - has been implicated in the male sexual 
differentiation in human, mice, chicken, frog, and fish (Bratus& Slota 2006; Devlin& 
Nagahama 2002; Sinclair et al. 2002a). Most of those studies have demonstrated that it is 
predominantly expressed in the adult testis and significantly up-regulated during testis 
development. Remarkably, the timing of dmrt1 expression during testis development is 
variable depending on the species. In birds, for instance, dmrt1 is considered as the best 
candidate gene for male sex determination, while in medaka, the expression during 
testicular differentiation is considerably delayed than that of male-determining gene, dmy 
(Kobayashi et al. 2004; Sinclair et al. 2002b). Recent findings in Nile tilapia showed that 
it is the earliest gene expressed during testicular differentiation (Ijiri et al. 2008). In the 
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present study, we have revealed that there was no increased expression of dmrt1 during 
testicular development of zebrafish until 40 dpf (Fig. 49F) indicating that this gene might 
not play important role during zebrafish gonad differentiation. Our finding is in 
accordance with earlier results where dmrt1 has been implicated in spermatogenesis and 
oogenesis as its expression was localized in the germ cells of zebrafish (Guo et al. 2005). 
However, our results are conflicting with the recent findings of Jorgensen and colleagues 
that dmrt1 was differentially expressed in hypothetical males at 10 dpf (Jorgensen et al. 
2008). Based on that study, it appears that dmrt1 was expressed in a sexually dimorphic 
manner very early, even before or around the time point of “juvenile ovary” formation. 
However, the presumptive sexes were extrapolated based on the expression of some 
expected male-biased candidate genes, including ar, sox9a and dmrt1. In addition, whole 
fish were used for gene expression analysis. In contrast, we have used well defined 
vasa::egfp transgenic line to define the presumptive sex of the fish and isolated gonads 
were used for gene expression study (Wang et al. 2007b). Moreover, our attempts were 
unsuccessful to repeat their findings on the early dmrt1 expression (Jorgensen et al. 
2008).  
 
Wt1, a transcription factor, is essential for the development of genitourinary system as 
mutations in WT1 in humans cause anomalies of kidney and gonad structure and function 
(Hammes et al. 2001). The steroidogenic factor, nr5a1 is a target of WT1 in mammals 
(Wilhelm et al. 2007). There are two paralogues of wt1 in zebrafish, named as wt1a and 
wt1b. Both genes have been implicated with nephrogenesis in zebrafish (Bollig et al. 
2006; Perner et al. 2007). In teleosts, the role of wt1a in the gonad development has 
recently been suggested only in medaka. It is shown to be expressed in somatic cells of 
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primordium of the gonad primordium (Scholz& Kluver 2009). Our results revealed that 
both wt1a and wt1b were highly expressed throughout gonad development, but sexually 
dimorphic expression was recorded in later stage (40 dpf) with increased levels in the 
developing testis compared to those measured in the ovary (Fig. 49G, H). The expression 
pattern of neither gene has shown a correlation to those of the steroidogenic factors, 
nr5a1a and nr51b. Interestingly, in adult gonads, wt1a was predominantly expressed in 
the testis, whereas wt1b in the ovary, suggesting a different functional role. In addition, 
only wt1b, but not wt1a was detected in the adult brain (Suppl. Fig. S9).  
 
During testicular differentiation, two known testicular somatic cell markers (sox9a and 
amh) (Fig. 49A, J) and two steroidogenic-related genes (nr5a1a and cyp11b2) displayed 
increased expression levels at the early stages (at 30 dpf) (Fig. 24B, C), indicating that 
these genes are likely to be crucial for male differentiation in zebrafish. Our data 
regarding the up-regulation of amh, sox9a and cyp11b2 are similar with results from 
previous reports (Siegfried& Nusslein-Volhard 2008; Wang& Orban 2007). As compared 
to the previously reported study (Rodriguez-Mari et al. 2005; Siegfried& Nusslein-
Volhard 2008), we have performed detailed expression analyses of sox9a with more 
time-point samples. Notably, the expression profiles of these four ‘male genes’ were 
reciprocal to those of ‘female genes’ such as cyp19a1a, foxl2, hsd3b and cyp17a1 in 
zebrafish (Fig. 46). In mammals, Sox9 is up-regulated in the Sertoli cell precursors just 
after the expression of male-determining gene, Sry. Moreover, recent findings 
demonstrate that the up-regulation of mammalian Sox9 occurs through synergistic action 
of Nr5a1 and Sry during testicular differentiation (Sekido& Lovell-Badge 2008). 
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Moreover, in mammals the downstream Sertoli-cell specific gene, Amh is activated by 
combined action of both Sox9 and Nr5a1 (Sekido& Lovell-Badge 2008; Wilhelm et al. 
2007). In zebrafish, both amh and sox9a were found to be expressed in the Sertoli cells of 
the adult testis (Rodriguez-Mari et al. 2005; Wang& Orban 2007). In our study, the 
expression of a key terminal steroidogenic gene, cyp11b2 involved in the conversion of 
testosterone into major fish androgen 11-KT, was correlated with the expression of 
nr5a1a at the early stage of testicular differentiation and their expression kept increasing 
up to adulthood.   
The steroidogenic acute regulatory protein (star) gene mediates the first step of 
steroidogenic pathway by transporting cholesterol into inner membrane of mitochondria. 
This step is considered to be the rate-limiting step in steroidogenesis (Manna& Stocco 
2005). If that is the case, star expression is expected to be similar in both sexes during 
gonad differentiation. However, in mammals, spatial and temporal analysis of Star 
expression have shown that it is detected in the developing testis and adrenals, while in 
case of ovary, it first appears at puberty (Manna& Stocco 2005). In adults, Star 
expression has been associated with the steroid-producing cells of the adrenals, brain and 
gonads (Manna& Stocco 2005). Interestingly, all Star-knockout mice exhibited female-
like external genitalia and died prematurely due to lack of adequate adrenocorticoids 
(Caron et al. 1997; Hasegawa et al. 2000). Extensive studies of these embryos revealed 
that the testis of newborn mice was relatively normal, with only few scattered foci of 
lipid deposited in the interstitial region as compared to wild type testis (Hasegawa et al. 
2000). When these knockout mice were kept alive using corticosteroid replacement 
therapy, a low level of androgen was detectable until 24 weeks of age, suggesting Star-
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independent steroid biosynthesis machinery present in the testis. The testis lacking STAR 
activity went through an initial wave of spermatogenesis, albeit delayed in contrast to 
wild type (Hasegawa et al. 2000). On the other hand, at the of time of natural sexual 
maturation (eight weeks), Star- knockout females had immature uterus and oviducts, 
moreover their folliculogenesis was incomplete, which eventually caused premature 
ovarian failure by 24 weeks (Hasegawa et al. 2000). Surprisingly, in Star- knockout 
females, estrogen levels were not significantly different from those of wild type 
(Hasegawa et al. 2000). Together, all these data obviously raise a doubt regarding the 
essential nature of STAR-dependent steroidogenesis for early gonad differentiation and 
development in mammals. Instead, it might only be required only for secondary sexual 
organ development as well as maintenance of normal gonadal functions. Unexpectedly, 
in zebrafish, our results clearly showed that the expression of star was higher in 
developing male gonads compared to the female ones starting from 25 dpf. This is the 
earliest sign of the testicular differentiation reported so far, when compared to previously 
known early testis markers such as sox9a and amh (Fig. 49A, J; Table 4). The 
expression of star continued to increase from that time point during testis development 
(Fig. 49K). In contrast, in developing females, a constant and low of level of star 
expression was observed in the ovary. In adults, star expression was found to be at least 
40-folds higher in testis than in ovary. The role of star during gonad differentiation has 
not been analyzed in teleosts, but some reports have suggested its importance during 
spermatogenesis in the Atlantic salmon sparr (Maugars& Schmitz 2008) and 
folliculogenesis in zebrafish (Ings& Van der Kraak 2006). In rainbow trout, star 
expression levels were found to be similar in both sexes during early gonad 
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differentiation (Vizziano et al. 2007), but slightly later this expression favored the 
testicular development (Baron et al. 2005b). As mentioned earlier, it appears that the 
expression of star is downstream of both nr5a1 and nr0b1 in the interrenal organ (Zhao 
et al. 2006). However, it is quite puzzling that we detected the sexual dimorphic 
expression of star earlier (25dpf) than that of nr5a1a, whereas at 30 dpf and onward, both 
were expressed in a similar fashion (Fig. 24A, B). On the contrary, star expression was 
noted to be reciprocal to that of nr0b1 until 30 dpf, indicating the developmental- and 
tissue-specific regulation of star in zebrafish. To reach an informative conclusion 
whether the star is the earliest marker during zebrafish testis differentiation; the future 
study should focus on the role of this gene in the specific cell types of the differentiating 
testis. Carrying out in-situ experiments in the developing gonads would provide useful 
information in this context.    
 
4.5 Hormonal balance is essential for the maintenance and function of adult 
zebrafish gonads  
Despite the fact that teleosts display higher degree of variability concerning the strategies 
of reproduction, the mode of some fundamental events such as, oogenesis and 
spermatogenesis, are similar across the species. As fish is very sensitive to exogenous 
steroid hormones, a wealth of data are available regarding the hormonal sex-reversal 
phenomenon (Devlin& Nagahama 2002). However, there are gaps in our understanding 
of the molecular mechanisms of steroid hormone action in teleost fish.  Therefore, the 
identification of hormone-responsive genes and their expression profile as a consequence 
of hormonal influence would improve our understanding on the molecular aspects of fish 
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reproduction. In the present study, adult zebrafish were exposed to aromatase inhibitor 
(Fadrozole) and aromatizable methyltestosterone (MT) aiming to evaluate the effects of 
hormonal imbalance and its possible molecular consquences in adult gonads.  
 
4.5.1 Responses to MT-treatment in the ovary of adult zebrafish  
The maturation of oocytes of most teleost fish involves four sequential steps which are 
mediated by endocrine system:  primary oocyte growth, vitellogenesis, maturation and 
ovulation (Ijiri et al. 2008; Kobayashi et al. 2008). Estrogens are involved in the 
regulation of the ovarian development by controlling the vitellogenin synthesis in the 
liver during oocyte growth period (Lessman 2009). In our study, MT treatment resulted 
in cessation of egg production in actively reproducing zebrafish. It had also caused a 
drastic decrease in gonadosomatic index (GSI) and changes in the sexual phenotype of 
females to such an extent that, sometimes, it was difficult to identify the sex based on the 
shape of the fish. MT-exposed ovaries contained mostly previtellogenic oocytes at 
various stages, where perinucleolar oocytes (stage I) were dominant form of oocytes. 
Vitellogenic oocytes were virtually absent (Fig. 19).  This similar phenotype was 
observed in fathead minnow when exposed to a high dose of MT (Ankley et al. 2001). 
Moreover, in that study, the expression of vtg was found to be up-regulated although the 
gonadal aromatase activity was reduced significantly in response to MT. On the contrary, 
in zebrafish, vtg1 expression was slightly down-regulated, which correlated with the 
down-regulation of gonadal aromatase gene, cyp19a1a. There was no obvious indication 
of significant aromatization of MT to E2, since the expression of cyp19a1b was 
unchanged (Fig. 23B). It is worth mentioning that the expression of cyp19a1b (brain 
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aromatase) has been shown to be up-regulated earlier by E2 (Suzawa& Ingraham 2008). 
This raises the possibility that MT was accumulated in the ovary, which might down-
regulate the steroidogenesis by a negative feedback mechanism through hypothalamus-
pituitary-gonadal (HPG) axis.  Noticeably, in humans, the excessive secretion of ovarian 
androgens and subsequent local steroid signaling can lead to severe ovarian pathology, 
such as polycystic ovarian syndrome (PCOS). This is often characterized by abnormal 
follicle growth and premature ovarian failure (Azziz 2003; Jamnongjit& Hammes 2006). 
 
It is important to note that in zebrafish the expression of nr5a1a, foxl2, and star were also 
down-regulated along with cyp19a1a (Fig. 23A, B). As described earlier, foxl2 is 
reported to be a transactivator of cyp19a1a during ovarian differentiation. Furthermore, 
homozygous Foxl2-knockout mice developed abnormal ovary where primary and 
secondary follicles were absent (Schmidt et al. 2004). On the other hand, nr5a1 has also 
been shown to be essential in mammals for sex determination and normal reproductive 
development and function including oogenesis and spermatogenesis (Jeyasuria et al. 
2004; Sekido& Lovell-Badge 2008). Targeted knockout of Nr5a1 in mice leads to 
premature ovary development with a phenotype of decreased number of primary and 
secondary follicles. This type of abnormal ovary does not respond to gonadotropin-
induced Cyp19 expression, which might be the cause of reduced level of E2 in the gonad 
(Pelusi et al. 2008). In fishes, nr5a1a may play an important role during folliculogenesis, 
since the expression profile of nr5a1a correlated with the expression of cyp19a1a during 
oogenesis in Nile tilapia (Yoshiura et al. 2003). Recent findings showed that Nr5a1a was 
found to interact with Foxl2 in vitro and synergistically enhance the transcription of 
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cyp19a1a (Wang et al. 2007a). Similarly, in zebrafish, it is possible that that the 
expression of cyp19a1a is regulated by nr5a1a in the adult ovary. Since we have not 
included other orthologs of ff1 in our study, their role in this perspective can not be ruled 
out. We also noted that the expression of star was elevated in MT-treated testis. A prior 
study showed the importance of star during early stages of folliculogenesis in zebrafish 
(Ings& Van der Kraak 2006) and Star is considered to be a mediator of rate-limiting step 
of steroidogenesis. As a consequence of the down-regulation of nr5a1a, foxl2, star and 
cyp19a1a, MT was possibly accumulated in the ovary, which might control the 
steroidogenesis by a negative feedback mechanism through HPG axis.  Collectively, all 
these data imply that the interactions among nr5a1a, foxl2 and cyp19a1a are essential for 
the function of the ovary by balancing the level of estrogen.  The expression of other key 
steroidogenic genes, cyp17a1 and hsd3b involved in the regulation of androgen synthesis, 
was found to be stimulated by MT. It is worthwhile to mention here that star [a protein 
involved in the substrate (cholesterol) transportation for steroid synthesis] was down-
regulated while the expression of another key gene, cyp11a1 (involved in the hydrolysis 
of cholesterol) was unchanged when exposed to MT.  The synthesis of stress hormones 
(corticosteroids) and sex steroids by utilizing the same key components (cyp11a1, 
cyp17a1 and hsd3b) of the steroidogenic pathway is a well established phenomenon. It is 
possible that the system coped with the stress by up-regulating the expression of cyp17a1 
and hsd3b in order to produce more stress hormones. 
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4.5.2 Responses to MT-treatment in the testis of adult zebrafish  
In our study we have demonstrated that MT treatment led to a significant decrease in the 
level of 11-KT in the testis (Fig. 22B). Subsequently, all zebrafish males exposed to MT 
were found to be sterile although histological examination did not find considerable 
morphological differences as compared to controls. It is therefore possible that the 
fertility defect might have arisen at a molecular and biochemical level. 11-KT is the most 
prominent androgen driving spermatogenesis (Schulz& Miura 2002). It has been reported 
that 11-KT can induce all stages of spermatogenesis in Japanese eel in vitro (Miura et al. 
1991). The conversion of androgen to 11-KT is a rate-limiting step, which is mediated by 
a down stream gene, cyp11b2 of the steroidogenic pathway. This finding is in harmony 
with an earlier observation where the concentration of 11-KT was positively correlated 
with the transcript level of cyp11b2 in rainbow trout (Young et al. 2005). We also noted 
that three upstream genes of the steroidogenic pathway, star, cyp11a1 and cyp17a1, were 
also significantly down-regulated in the MT-treated testis (Fig. 22B). To summarize, the 
lower level of 11-KT was associated with the down-regulation of those key 
steroidogenesis related genes.  
 
Several studies performed in mammals have demonstrated that Nr5a1 operates at 
multiple levels of the hypothalamic-pituitary-steroidogenic organ axis to regulate the 
expression of genes (amh, sox9a and several steroidogenesis related genes) that are 
crucial for the biosynthesis of sex steroids (Parker& Schimmer 1997). Knockout mice 
lacking functional Nr5a1 protein developed multiple endocrine abnormalities including 
gonadal agenesis (Jeyasuria et al. 2004; Pelusi et al. 2008; Zhao et al. 2004). In our 
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study, we showed that the expression of nr5a1a was down-regulated in the testis of MT-
treated zebrafish, suggesting a negative feedback mechanism of the hormone on the 
hypothalamic-pituitary-testis axis. In addition, we also noted that the expression of both 
amh and sox9a was also reduced significantly similarly to that of nr5a1a (Fig. 22A). It is 
now well established that the initiation and maintenance of spermatogenesis depends on 
the HPG axis, which is the basis of current male contraception (Anderson& Baird 2002). 
Our results are in agreement with all these previous findings. In humans, the 
administration of high doses of testosterone generally results in the suppression of 
gonadotropin hormone (LH and FSH) concentrations, which in turn inhibit their own 
secretion by a negative feedback mechanism through HPG axis (Bagatell et al. 1994; 
Urban et al. 1991; Veldhuis et al. 1992; Wang et al. 1998). As a result, both 
spermatogenesis and sperm count become adversely affected. Conversely, administration 
of physiologically appropriate doses of testosterone shows little or no effect (Bagatell et 
al. 1994; Wang et al. 1998). In this context, it should be mentioned that the level of 
gonadotropins can be suppressed further by administration of estradiol in combination 
with testosterone in mammals.  The subsequent investigations have enriched our 
understanding that a major component of the negative feedback action of androgen 
concerning the gonadotropin secretion is mediated through aromatization to estrogen 
(Bagatell et al. 1994; Finkelstein et al. 1991; Hayes et al. 2001; Hayes et al. 2000). From 
this perspective, we have observed significant up-regulation of both aromatase encoding 
genes, cyp19a1a and cyp19a1b in the testis of zebrafish exposed to MT, indicating that a 
portion of the male steroid was aromatized into estrogen. Recent reports revealed that 
cyp19a1b responded positively following the exposure of estrogen, as its promoter 
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contains a ERE (estrogen receptor element) binding site (Cheshenko et al. 2008; 
Suzawa& Ingraham 2008). In teleosts, the occurrence of aromatization of exogeneous 
androgens into estrogens has been generally accepted (Devlin& Nagahama 2002; 
Fenske& Segner 2004; Hornung et al. 2004). Based on these data, it is likely that the 
zebrafish testis might mimic its mammalian counterpart regarding the mechanism of 
androgen action. Thus, at molecular level, the spermatogenesis was severely affected 
when exposed to exogenous MT as a consequence of a negative feedback mechanism via 
HPG axis. Subsequently, it appeared that the effect of MT was manifested by down-
regulation of a key positive regulator of steroidogenic pathway, nr5a1a, which in turn 
down-regulated other downstream key components (star, cyp11a1 cyp17a1 and cyp11b2) 
of the pathway, resulting a reduced level of 11-KT in the testis. Our data on the possible 
molecular mechanism of androgen action and its functional relevance with respective to 
spermatogenesis would contribute to the understanding of the spermatogenesis in 
teleosts.  Our findings seem to argue that zebrafish could be a good model to study these 
processes.  
 
4.6 Molecular responses to aromatase inhibition in the adult gonads 
4.6.1 Effects of aromatase inhibition in the adult ovary  
We have observed that the development of the oocytes was greatly affected by the 
aromatase inhibitor, Fardrozole. Although oogenesis started normally, the the 
development of the oocytes was stopped at vitellogenic phase (Fig. 18). This was further 
supported by the observation that the expression of vtg1 in the liver was abruptly down-
regulated in response to Fadrozole, providing the evidence of the importance of estrogen 
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during vitellogenesis. Similar observations have been reported earlier in fathead minnows 
(Ankley et al. 2002), honeycomb grouper (Bhandari et al. 2004) and medaka (Suzuki et 
al. 2004). The phenotype described herein resembled several aspects of knockout mice 
where aromatase, estrogen receptor a and b genes were targeted. In those knockout mice, 
ovarian development progressed normally at early stage, but was adversely affected at 
later stages (Couse et al. 1999; Dupont et al. 2000; Fisher et al. 1998). In light of these 
data, I propose that estrogen might not play an essential role during the early stage of 
folliculogenesis.  
 
None of the previous studies in teleosts looked at the possible molecular mechanisms of 
estrogen disruption in adult gonads. At the molecular level we showed that the expression 
of some important genes involved in the synthesis of steroidogenic enzymes were 
significantly modulated by AI. Surprisingly, Fadrozole, a competitive inhibitor of 
aromatase caused a significant up-regulation of both cyp19a1a and cyp19a1b genes in the 
ovary (Fig. 21B), indicating a compensatory biological response as an attempt to adapt 
with stressors. A similar trend was also reported in adult fathead minnow where only 
cyp19a1a (but not cyp19a1b) was up-regulated. A prior study in zebrafish showed that 
Fadrozole resulted in up-regulation of cyp19a1a, while cyp19a1b was down-regulated 
during gonad development (Fenske& Segner 2004). This conflicting response to the 
aromatase inhibitor may arise due to differences between the stages of development used, 
timing and duration of treatment and mode of administration of the compound in the 
above experiments. Further evidence supporting our compensatory response hypothesis is 
that the upstream components (nr5a1a and foxl2) of the cascade involved in the 
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transactivation of cyp19a1a were also significantly up-regulated in response to 
Fadrozole.  Moreover, in agreement with the observations mentioned above, in our study 
an important gene, star mediating the first step of steroid biosynthesis involving in the 
folliculogenesis was also found to be up-regulated in the ovary of Fadrozole-treated adult 
zebrafish.  Alternatively, it is generally accepted that star is synthesized rapidly in 
response to acute tropic factors such xenoestrogens (Stocco et al. 2005). Taking all these 
observations into account, we speculate that the compensatory pathway might be 
activated in an estrogen-independent manner in response to environmental stressors.  
 
4.6.2 Effects of aromatase inhibition in the adult testis  
Studies in several teleost species, such as black porgy (Lee et al. 2002) honeycomb 
grouper (Bhandari et al. 2004), fathead minnow (Ankley et al. 2002) and coho salmon 
(Afonso et al. 2000), showed that aromatase inhibitors exert positive impacts on the male. 
This is often associated with increased gonadosomatic index (GSI), advanced and 
increased spermiation and elevated level of androgens, 11-KT in particular. The GSI is 
considered as an indicator of steroidogenic changes, whereas 11-KT is known to be the 
major male hormone in teleost, which is necessary for male growth, sexual phenotype 
and spermatogenesis (Devlin& Nagahama 2002). In fathead minnow and black porgy, 
Fadrozole resulted in a marked increase in sperm production. None of these studies have 
addressed the molecular mechanism of this enhanced spermatogenic activity. In 
zebrafish, we provided the first experimental evidence that the depletion of E2 by 
exposure to Fadrozole was associated with up-regulation of several genes related to 
spermatogenesis. These include nr5a1a, ar, scx1, hsf5, prosaposin, star, hsd17b3 and 
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cyp17a1, while the expression of hsd3b was down-regulated (Fig. 20). In agreement with 
these findings, we have also observed the increment of GSI of testis (Fig. 16A) and the 
level of 11-KT was remarkably increased in the E2-depleted testis (Fig. 17A). However, 
we could not detect the increased sperm production at the morphological level. Our 
attempts to count sperm have also failed due to the small size of the testis. 
Spermatogenesis is a tightly regulated process which eventually gives rise to sperm. 
Therefore, it requires a coordinated participation of many genes. In Atlantic salmon, the 
expression of nr5a1a, star and cyp17a1 were up-regulated during later stage of 
spermatogenesis and the GSI reached its highest levels (Maugars& Schmitz 2008). On 
the other hand, in male rainbow trout, the genes encoding star and cyp17a1 have shown 
positive correlation with the increased level of plasma 11-KT during the early stage of 
spermatogenesis, which was associated with  increased GSI (Kusakabe et al. 2006). As 
discussed earlier, we have also observed the sexual dimorphic expression of star during 
gonad differentiation and adult testis in zebrafish, suggesting the importance of star and 
other steroidogenic genes for maintaining the reproductive functions in teleosts. We 
revealed, for the first time in vertebrates, that the expression of hsf5, scx1, prosaposin and 
ar was related to the increased spermatogenetic activity, indicating their crucial role 
during spermatogenesis. There is very little information on the role of hsd17b in fish. In 
mammals, hsd17b1 has been shown to be important for the production of 17b-estradiol 
from estrone in the ovary (Mindnich et al. 2004), whereas, hsd17b3 has been implicated 
in the synthesis of testosterone specifically in males (Geissler et al. 1994). Therefore, in 
adult male zebrafish, it is possible that the increased level of hsd17b3 might contribute to 
the overall output of 11-KT level in the E2 depleted testis. 
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Currently, the increased focus on the importance of E2 in males is mainly due to the 
observations that mice lacking functional aromatase or estrogen receptor-a (ERa) are 
infertile (O'Donnell et al. 2001). Subsequent studies showed that the aromatase-deficient 
patients are sterile due to the defects in the sperm motility (Simpson 1998). Many studies 
have reported the increased level of testosterone after aromatase inhibitor administration 
to humans (Bhatnagar et al. 1992; T'Sjoen et al. 2005; Trunet et al. 1993), primates 
(Ellinwood et al. 1984; Shetty et al. 1998), dogs (Kawakami et al. 2004) and rats (Turner 
et al. 2000). Investigators have reported contradictory observations concerning the effect 
of inhibition of aromatization. For instance, Fadrozole exposure to adult dogs for six 
months caused no effect on the sperm count or gross testicular morphology (Juniewicz et 
al. 1988), while administration of Lentrozole (aromatase inhibitor) for three months 
resulted in the arrest of spermatogenesis (Junker Walker& Nogues 1994). In bonnet 
monkeys, treatment with an analogue of Lentrozole led to the 90% reduction of sperm 
count (Shetty et al. 1998). By comparison, aromatase inhibitor therapy in 
oligozoospermic dogs and infertile men with high level of plasma estrogen resulted in the 
improvement of sperm count (Dony et al. 1986; Kawakami et al. 2004; Vigersky& Glass 
1981). Another interesting phenomenon is that aromatase inhibitors caused an 
enlargement of the testis in some of the cases.  For instance, the weight of the 
Anastrozole-treated rat testes was increased by around 20% relative to controls (Turner et 
al. 2000). Likewise, a human male with aromatase-deficiency had a functional testis, 
whose volume was larger than usual. This man was behaviorally heterosexual and had a 
normal pattern of nocturnal emissions and ejaculations, but there is no information 
available on his fertility (Morishima et al. 1995). On the other hand, in case of teleosts, 
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our study together with others revealed that exposure of aromatase inhibitors seemed to 
have enhanced spermatogenic activity as revealed by histology, GSI and fertility (Ankley 
et al. 2002; Bhandari et al. 2004; Lee et al. 2002). Based on these data obtained from 
different vertebrate species, it is possible that the variable effects of aromatase inhibitors 
observed are due to the shift of hormonal balance between E2 and 11-KT level in the 
adult gonads.  Moreover, these diverse effects of different aromatase inhibitors may 
depend on the species, period/stage of exposure or mode of administration. Considering 
all the data presented here, it appears that the mode of estrogen action in zebrafish 
mimics with the mammalian system. Due to short generation time, juvenile 
hermaphroditism and amenability to genetic manipulation, despite its small size zebrafish 
could be a potentially useful model in addition to other fish models (fathead minnow, 
salmon and stickleback) to study the estrogen action 
 
4.7 Induction of testicular gene expression during gonad differentiation in 
response to E2 depletion  
Studies in teleost species have revealed the active role of sex steroids prior to histological 
gonadal differentiation, underpinning the concept that these may serve as leading players 
in the differentiation cascade (Nakamura et al. 1989; Rougeot et al. 2007; van den Hurk 
et al. 1982). Although they may not be the initial activators, their role in the series of 
events might be after the stage of sex determination, making them key players regulating 
the phenotypic sex differentiation.  Alteration or disruption of any part of the 
steroidogenic pathway during the critical stage of gonad differentiation could potentially 
lead to perturbation of the delicate balance, thereby altering the sexual phenotype. In fact, 
 148 
in zebrafish, depletion of E2 level during gonad differentiation by using aromatase 
inhibitor resulted in 100% functional males (Fenske& Segner 2004; Uchida et al. 2004). 
Similar observation has been reported for dozens of teleost species (Cheshenko et al. 
2008). In order to understand the possible hormonal balance, we investigated the 
molecular mechanism of testis differentiation in an E2-depleted environment. For this 
intention, potential juvenile females (24 dpf) were treated with Fadrozole for one week. 
Our results showed that the depletion of E2 levels caused by aromatase inhibition led to 
the concurrent induction of a set of testis-specific somatic genes (nr5a1a, amh, and 
sox9a) during gonad differentiation (Fig. 28A). These results closely resembled those 
obtained earlier from chicken in response to aromatase inhibitor (Vaillant et al. 2001). 
Unexpectedly, we observed that the expression level of the major steroidogenesis-related 
genes (star, cyp11a1, cyp17a1 hsd3b and foxl2) was unchanged, but the key rate-limiting 
gene (cyp11b2) for 11KT synthesis was found to be up-regulated significantly. In 
rainbow trout, a number of male-specific genes, including dmrt1, were found to be up-
regulated in response to Fadrozole  (Vizziano et al. 2008). We also noted that the 
expression of dmrt1 was not modulated when juvenile ovary was exposed to Fadrozole. 
This result as well as data from developing gonads suggests that dmrt1 might not be 
important for testis differentiation in zebrafish. Conversely, nr0b1, a potential candidate 
considered to be important for the ovarian differentiation in zebrafish was down-
regulated in the E2-depleted juvenile gonad. This finding is opposite to the result 
obtained from aromatase inhibitor-treated adult testis (Fig. 20A). Interestingly, the 
expression of brain aromatase gene (cyp19a1b) was notably reduced, but gonadal 
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aromatase (cyp19a1a) was up-regulated, which might be due to a part of compensatory 
response as described earlier.  
 
4.8 Conclusion: estrogen to androgen ratio may hold the key during gonad 
differentiation in zebrafish 
Given the fact that zebrafish is a juvenile hermaphrodite and displays plasticity in sex 
differentiation (for review see, Orban et al., 2009), sex steroids may play an important 
role during gonad differentiation. In view of our data, it seems that the ratio of androgens 
to estrogens, rather than their actual values is important for gender-specific sexual 
development (Bogart 1987). There are some indications to support this hypothesis 
concerning the gonad differentiation in zebrafish.   
 
First, a prior study showed that zebrafish embryos completely devoid of PGCs develop as 
sterile males (Siegfried& Nusslein-Volhard 2008; Slanchev et al. 2005). Intriguingly, 
these PGC-depleted fish followed the natural transformation process (juvenile ovary to 
testis) during testis development, although the immature juvenile oocytes were absent.  
The expression of cyp19a1a and its potential regulator, foxl2 was maintained in the 
juvenile ovary-like structures preceding testis differentiation (Siegfried& Nusslein-
Volhard 2008). This suggests that a certain level of estrogen is required for the 
maintenance of the bipotential juvenile ovary. Moreover, we observed the reciprocal 
expression of steroidogenesis-related genes in a sexually dimorphic manner, signifying 
that the biosynthesis of sex steroids and their dynamics are also maintained in a sex-
biased fashion. We also noted that a certain level of expression of all these steroidogenic 
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genes was maintained in the bipotential gonad. It is important to note that star appeared 
to be the earliest testicular marker in zebrafish. StAR-Knockout mice together with the 
results of our study convincingly indicate that estrogen synthesis might occur in a star-
independent manner, but it is essential for the synthesis of androgen. The decreased level 
of E2 was associated with the concomitant up-regulation of 11-KT producing gene 
(cyp11b2) or vice-versa, indicating the shift of the balance of the ratio of estrogen and 
androgen during gonad differentiation. In line with those evidences, we also showed that 
the up-regulation of cyp11b2 in the E2-depleted hormonal milieu in the juvenile ovary 
was also correlated with the induction of male genes (amh, sox9a and nr5a1a). Together, 
all these data implicate the significance of androgen to estrogen ratio during sex 
differentiation (Fig. 50). 
 
Second, the testis development might be linked with the number of oocytes present in the 
juvenile ovary. From an extensive analysis of a large number of vas::egfp transgenic 
individuals, our lab demonstrated that fish with few oocytes developed as males. 
Conversely, fish with more oocytes were predicted to be female (Wang et al. 2007b), 
indicating that the level of E2 might be linked to the number of juvenile oocytes. In other 
words, when there are more oocytes in the juvenile ovary, the E2 level would be higher, 
pushing the gonadal fate towards ovarian differentiation. Mutant analysis and 
experiments with gonads containing decreased germ cell numbers shed additional light 
on this connection. In ziwi homozygous mutant of zebrafish, all fish became males when 
the germ line (immature oocytes) died just before gonadal sex differentiation (Houwing 
et al. 2007). Similarly, it was observed that the transplantation of a single PGC into the 
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fully PGC-ablated zebrafish embryos led to male fate (Saito et al. 2008), indicating the 
possible shift of balance of hormonal ratio supporting testis differentiation. Based on our 
transcriptome analyses of the gonads of QVD-treated individuals, it appeared that the 
induction of testicular somatic cells was initiated prior to oocyte apoptosis. Alternatively, 
it is likely that oocyte might die as a consequence of E2 depletion resulting from the 
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Low PGC number 
promotes maleness
Fig. 50: Hormonal ratio might be critical for gonad differentiation in zebrafish. When 
estrogen to androgen ratio is high (excess estrogen), gonad differentiation signal directs 
towards ovarian differentiation pathways. This notion is supported by observation of sexually 
dimorphic expression of steroidogenic genes (cyp11a1, cyp17a1, hsd3b and cyp19a1a) during 
ovarian differentiation. On the other hand, an excess androgen (low estrogen to androgen 
ratio) shifts the balance towards testicular differentiation, which is manifested by the 
expression of other steroidogenic genes (star, cyp11b2) as well as genes expressed in the 
somatic cells of the testis (sox9a, amh and nr5a1a). Moreover, lower PGC number influences 
male sexual differentiation. Abbreviation: dpf- days post-fertilization; PGC- primordial germ 
cell.   
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In mammals, a minimum level of estrogen has been shown to be essential for the 
maintenance of the somatic cell phenotype in the ovary (Britt et al. 2002). Several studies 
have shown the presence of Sertoli-like cells in the postnatal ovaries of ArKO, ERαβ 
knockout mice (Britt et al. 2002; Britt et al. 2004; Couse et al. 1999; Dupont et al. 2003) 
and the absence of ERα and ERβ expression in the follicular cells of depleted oocytes in 
irradiated rat (Guigon et al. 2005). This suggested that both oocyte loss and the lack of 
estrogen may play a critical role in the transdifferentiation of granulosa cells. The 
formation of such Sertoli-like cells seems to be prevented or reversed in E2-rich 
environment (Britt et al. 2002; Britt et al. 2004). Moreover, in all these knockout mice 
(ArKO and ERαβ), the endocrine environment of the postnatal ovary is altered as shown 
by the increase in plasma androgen (T) level (Couse& Korach 1999; Fisher et al. 1998). 
We speculate that in the transforming male gonad of juvenile zebrafish the immature 
granulosa cells surrounding the degenerating oocytes might transdifferentiate into Sertoli 
cells. Recent work in our lab is also pointing to that direction. During testicular 
differentiation in zebrafish, the gene (cyp19a1a) involved in the synthesis of  E2 was 
down-regulated severely followed by the up-regulation of male-specific gene, amh 
(Wang& Orban 2007). Remarkably, the expression of amh was restricted on the area 
around the degenerating oocyte where cyp19a1a was expressed (Wang& Orban 2007) 
indicating the possibility of granulosa cell transdifferentiation into Sertoli cell.  
 
Future investigations are warranted to address the possibility of transdifferentiation 
during testis differentiation in zebrafish. It is also necessary to provide biochemical 
evidence, such as assessment of both estrogen and androgen level during gonad 
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differentiation to support the hormonal ratio hypothesis. However, the tiny size of the 
developing gonads of zebrafish makes these biochemical assays difficult, as the 
sensitivity of the widely used detection methods is limited. In previously reported studies 
carried out in other teleost species, the steroid levels of differentiating gonads were 
measured on whole body extracts or mixed samples (Baroiller& D'Cotta 2001; D'Cotta et 
al. 2001; Hines et al. 1999; Rougeot et al. 2007; Rowell et al. 2002; van den Hurk et al. 
1982) and therefore, impede any good extrapolation on the aspect of either ovarian or 
testicular steroid synthesis. Future projects should focus on the development of more 
sensitive tools to study gonad differentiation in teleosts. In our study, we have for the first 
time identified several novel genes involved in the gonad differentiation of zebrafish. 
Application of very recent innovations, such as targeted gene knockout (Doyon et al. 
2008; Foley et al. 2009) and inducible, tissue-specific transgenic approaches (Emelyanov 
et al. 2006) would provide exciting opportunities to explore the function of these genes 
during gonadal sex differentiation. Thus, our findings have set up the foundation for the 
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Table S1: Primers used in this study 





Real time-PCR primers 
ar_F CACTACGGAGCCCTCACTTGCGGA  






















 AGT CAAGGCAGGTCACAGACTTGG 
ORF_F 
 TAC TAGTCGACCACGGCCTGTGTTGTACTC 
ORF_F 
 TACTAGCGGCCG CGGGGGCGTGGTCCTGT 
RACE 
5´-out  TCTCGTGTGTGAACTTCAACAGCAC 
5´-in    
 ACAGAGACGAGTCGC TTTTGC 
3´-out 
 CCAAACATCTTAATCACCATC 
3´-in  TGCCTGCAGTGTTATGTATGTAG 
Radiation hybrid mapping 
F_rad_SR CCATTGCCATTACATCTGCTC   
R_rad_SR CCGCCTGTATCACCGAACT 











































Radiation hybrid panel 
































Apoptosis-related gene cloning primers 
F_ AGGGCCATTACGGCCATGGACAAATCCGAAGCTATGAAAG OTR 
R_ AGGGCCGCCTCGGCCTCACTCGTATTTGTAGTAGCCTCT  
F_ AGGGCCATTACGGCCATGCCCACTTTGACTTATAGC Fas 
R_ AGGGCCGCCTCGGCCTTATGGCTGAGATGAAGCCTCGAC 
F_ AGGGCCATTACGGCCATGGCAGATGGATTTTCTACTCTG Flip 
R_AGGGCCGCCTCGGCCCTGTAGTGTGTGAGATTGCTGAAG  
F_ AGGGCCATTACGGCCTCAAGATGGATACCTGCCTCAC SMase 
R_ AGGGCCGCCTCGGCCGGACTCGACGGTTGGATTT  
F_ AGGGCCATTACGGCCTCCAGTCCCATTTCATCTCG IAP 
R_ AGGGCCGCCTCGGCCCAGTGCCTTTGACCATTCC  
F_AGGGCCATTACGGCCTGACCTTTACCTCGCCACT Apf 
R_ AGGGCCGCCTCGGCCCCACGCTCCACCACTTGAT 
F_ AGGGCCATTACGGCCATGGACAGTATAGACACAAAGAGG  TRADD 
R_ AGGGCCGCCTCGGCCTTAATCTCGTGGCTGGATCCCCAA  




R_ AGGGCCGCCTCGGCCGCTGGGGTAGTACTTAGGGAAGAG  
F_ AGGGCCATTACGGCCATGGATCCTCAGATCTTTCACGAG 
caspase8 




F_ AGGGCCATTACGGCCATGATGGTCCCGGCGAACAGCCGC  DL-1a 
R_ AGGGCCGCCTCGGCCTTACAGATCCAATCGGAAAGCTCC 
F_ AGGGCCATTACGGCCATGGTGCAGCCTAAAAATCGT DL-1b 
R_ AGGGCCGCCTCGGCCTCAGAGGTCAAACAGGAAGGC 
F_ AGGGCCATTACGGCCATGACATCCAACCTTCCTATCGGT DL3 
R_ AGGGCCGCCTCGGCCTCATGAATGCCCCAAAGTACGTG 
F_ AGGGCCATTACGGCCATGAGATACATTACTTTATTGGTT HDR 
R_ AGGGCCGCCTCGGCCTCACTCTTCTTCATATTTAAAGCA 
F_ AGGGCCATTACGGCCATGAGGATATGTCAACTGACTGCG TNFR1 
R_ AGGGCCGCCTCGGCCTTACGAAACGCTTGTGTTCTGTGA 
F_ AGGGCCATTACGGCCATGGTGAGATACGAAACAACATTA TNF2 
R_ AGGGCCGCCTCGGCCTCACAACGCGAACACCCCGAAGAA  
F_ AGGGCCATTACGGCCATGGCTAACGAAATTAGCTATGAC bcl2 
R_ AGGGCCGCCTCGGCCTCACTTCTGAGCAAAAAAGGCTC 
F_ AGGGCCATTACGGCCATGAACGGAGACTGTGTGGACGCA  
caspase3 














Control-M Control-F QVD Ratio Ratio
Median Median Median QVD/Ctrl-F QVD/Ctrl-M
EV556608 19.35 0.47 1.87 3.98 0.10 similar to cyclin L1 isoform 1 [Danio rerio]
EV560657 15.62 0.55 1.94 3.50 0.12 similar to RRP5 protein homolog (Programmed cell death protein 11) [Danio rerio]
CO353503 12.67 0.44 1.25 2.86 0.10 hypothetical protein XP_689108 [Danio rerio]
EV558751 0.73 0.66 1.75 2.65 2.39 hypothetical protein LOC436616 [Danio rerio]
EV555530 21.21 0.59 1.54 2.63 0.07 similar to LZ1, partial [Danio rerio]
CO353191 3.84 0.49 1.26 2.57 0.33 cytochrome c oxidase subunit I [Danio rerio]
EV560692 13.24 0.48 1.21 2.52 0.09 similar to bicaudal D homolog 2 isoform 2 [Danio rerio]
CO353864 6.60 0.50 1.26 2.50 0.19 unknown
CO351168 0.21 0.90 2.21 2.46 10.53 similar to dentin sialophosphoprotein preproprotein [Danio rerio]
CO353395 6.42 0.65 1.58 2.42 0.25 similar to high-mobility group box 2 [Danio rerio]
CO354218 5.16 0.70 1.68 2.41 0.33 NADH dehydrogenase subunit 4 [Danio rerio]
CO355066 0.51 0.83 1.97 2.37 3.86 thyroid stimulating hormone, beta subunit [Danio rerio]
EV603090 21.93 0.62 1.44 2.34 0.07 hypothetical protein MGC35392 [synthetic construct]
CO353809 4.22 0.54 1.24 2.30 0.29 similar to uncoupling protein 2 isoform 3 [Danio rerio]
EV564246 3.84 0.50 1.14 2.28 0.30 mitochondrial carrier protein [Danio rerio]
CO353562 1.72 0.57 1.30 2.27 0.75 unknown
EV605173 12.42 0.55 1.24 2.26 0.10 similar to CG10365-PA, isoform A isoform 2 [Danio rerio]
CO353502 9.29 0.50 1.12 2.25 0.12 Unknown (protein for IMAGE:6792071) [Danio rerio]
EV563869 7.26 0.56 1.26 2.23 0.17 similar to MGC35521 protein, partial [Danio rerio]
CO353376 7.82 0.71 1.57 2.22 0.20 similar to high-mobility group box 2 [Danio rerio]
EV560535 0.09 0.55 1.21 2.21 12.93 F-box protein 42 [Danio rerio]
CO353370 4.87 0.61 1.34 2.21 0.27 similar to cadherin 1, epithelial [Danio rerio]
CO353401 4.81 0.63 1.37 2.17 0.28 similar to cadherin 1, epithelial [Danio rerio]
EV560221 2.65 0.39 0.84 2.15 0.32 unknown
EV604654 10.11 0.51 1.08 2.13 0.11 unknown
CO353046 2.16 0.61 1.28 2.11 0.59 similar to 40S ribosomal protein S27-2 isoform 2 [Danio rerio]
CO354150 0.28 0.82 1.69 2.07 6.00 hypothetical protein LOC553598 [Danio rerio]
EV605077 3.70 0.79 1.63 2.07 0.44 unknown
CO356007 3.87 0.80 1.58 1.96 0.41 similar to skeletal muscle actin [Danio rerio]
CO349774 7.47 0.53 1.04 1.96 0.14 unknown
CO354080 2.97 0.54 1.06 1.96 0.36 unknown
EV560659 0.03 0.89 1.74 1.96 53.60 similar to tryptophan hydroxylase 2 isoform 2 [Danio rerio]
EV558463 0.05 0.79 1.55 1.95 32.95 peptidase D [Danio rerio] >gb|AAH55252.1| Peptidase D [Danio rerio]
EV604378 0.36 0.81 1.58 1.95 4.44 MAD homolog 1 [Danio rerio]
CO350140 0.25 0.72 1.39 1.94 5.67 3-beta-hydroxysteroid dehydrogenase [Danio rerio]
EV604964 6.47 0.49 0.95 1.94 0.15 unknown
EV604597 0.38 0.70 1.35 1.94 3.58 heterochromatin protein 1 gamma [Xenopus laevis]
CO354600 1.01 0.63 1.21 1.94 1.20 chaperonin containing TCP1, subunit 7
CO350509 0.59 0.80 1.55 1.93 2.63 similar to Exocyst complex component Sec6 [Danio rerio]
EV606168 10.14 0.56 1.07 1.91 0.11 unknown
CO353131 1.54 0.58 1.11 1.91 0.72 unknown
EV559435 0.03 0.91 1.71 1.87 63.66 karyopherin (importin) alpha 3 [Danio rerio]
EV564699 0.55 0.87 1.63 1.86 2.96 hypothetical protein LOC393506 [Danio rerio]
CO353403 2.54 0.70 1.30 1.86 0.51 cytochrome c oxidase subunit I [Danio rerio]
EV605649 2.13 0.68 1.26 1.86 0.59 GDP dissociation inhibitor 2 [Danio rerio]
EV564046 6.69 0.57 1.05 1.85 0.16 similar to EBI-1 ligand chemokine [Rattus norvegicus]
CO354135 11.11 0.67 1.24 1.84 0.11 hypothetical protein XP_687931 [Danio rerio]
CO353437 3.89 0.73 1.34 1.84 0.34 splicing factor, arginine/serine-rich 6 [Danio rerio]
EV604872 3.25 0.51 0.94 1.84 0.29 unknown
CO354057 0.31 0.93 1.71 1.84 5.52 piwi-like 1 [Danio rerio]
CO353516 4.21 0.95 1.70 1.80 0.40 reverse transcriptase-like protein [Paralichthys olivaceus]
EV604497 0.19 0.76 1.36 1.80 7.35 hyaluronan mediated motility receptor [Danio rerio]
CO354303 11.75 0.75 1.35 1.80 0.11 keratin 12 [Danio rerio]
CO353492 9.37 0.61 1.08 1.78 0.12 hypothetical protein XP_689245 [Danio rerio]
CO350167 0.13 0.87 1.54 1.78 11.66 unknown
CO350346 14.21 0.65 1.15 1.78 0.08 unknown
CO354684 3.73 0.57 1.02 1.77 0.27 calmodulin 2, gamma [Danio rerio]
CO351453 1.25 0.79 1.39 1.77 1.11 hypothetical protein LOC326864 [Danio rerio]
CO353534 3.67 0.74 1.31 1.77 0.36 unknown
CO354608 6.02 0.54 0.95 1.76 0.16 similar to 1-alpha dynein heavy chain [Danio rerio]
CO354296 0.13 0.93 1.63 1.76 12.11 hypothetical protein LOC553772 [Danio rerio]
EV555752 21.05 0.63 1.11 1.76 0.05 unknown
EV561270 0.15 0.66 1.17 1.76 7.72 polymerase (DNA-directed), alpha (70kD) [Danio rerio]
CO355111 0.07 0.84 1.47 1.75 19.86 Serine/threonine protein kinase Eg2-like (p46XlEg22)
CO353209 4.04 0.68 1.19 1.75 0.30 unknown
EV563627 18.73 0.65 1.12 1.74 0.06 unknown
EV564479 4.63 0.71 1.24 1.74 0.27 similar to zinc finger protein 91 (HPF7, HTF10) [Danio rerio]
EV603344 0.01 0.85 1.47 1.74 109.38 similar to F-box only protein 22 [Rattus norvegicus]
EV557485 0.11 0.69 1.20 1.73 10.84 similar to selenocysteine lyase [Danio rerio]
CO353907 5.69 0.71 1.23 1.72 0.22 similar to muscle-specific creatine kinase isoform 3 [Danio rerio]
EV557152 7.38 0.77 1.32 1.72 0.18 hypothetical protein XP_687848 [Danio rerio]
CO354594 7.05 0.63 1.09 1.72 0.15 keratin 12 [Danio rerio]
BLASTxGenBank ID
Table S2: List of 141 genes that were more than 1.5-fold upregulated in QVD-treated compared 
to Control-F individuals. These genes were derived from a 1-Way ANOVA (p-value < 0.01 with 
Benjamini and Hochberg multiple testing correction) performed on all genes on the Gonad 
Uniclone Microarray. Median normalized intensities of all biological replicates within each group 
are indicated. Ratios of median normalized intensity of QVD-treated against Control-F 
(QVD/Ctrl-F) and against Control-M (QVD/Ctrl-M) are also shown  
 XI 
Control-M Control-F QVD Ratio Ratio
Median Median Median QVD/Ctrl-F QVD/Ctrl-M
EV556618 0.53 1.35 0.90 0.67 1.69 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit G [Danio rerio]
CO353170 0.43 1.26 0.84 0.67 1.98 hypothetical protein LOC415237 [Danio rerio]
CO354162 0.17 1.62 1.08 0.67 6.30 similar to tripartite motif-containing 35 isoform 1 [Danio rerio]
EV606200 0.35 1.32 0.88 0.67 2.51 similar to p38a isoform 2 [Da...
CO356292 0.23 1.35 0.90 0.67 3.87 hypothetical protein XP_685291 [Danio rerio]
EV555662 0.39 1.28 0.85 0.67 2.22 Ubiquinol-cytochrome C reductase complex 7.2 kDa protein
CO354289 0.49 1.38 0.92 0.67 1.88 similar to mutY homolog [Danio rerio]
EV560262 0.37 1.20 0.79 0.66 2.14 RIKEN cDNA 2310047M15 [Mus musculus]
EV557089 0.23 1.33 0.89 0.66 3.92 unknown
EV559016 0.26 1.43 0.95 0.66 3.67 similar to CG10874-PA, isoform A, partial [Danio rerio]
CO349846 0.27 1.39 0.92 0.66 3.35 Histone protein 71 [Caenorhabditis elegans]
EV605304 0.42 1.37 0.91 0.66 2.14 eukaryotic translation initiation factor 3, subunit 6 [Danio rerio]
CO355806 0.40 1.32 0.87 0.66 2.15 nucleophosmin 1 [Danio rerio]
CO352924 20.22 1.02 0.67 0.66 0.03 similar to cytochrome c oxidase subunit Vb precursor [Danio rerio]
EV563589 13.96 1.14 0.75 0.66 0.05 similar to Cystatin B (Liver thiol proteinase inhibitor) (CPI-B) (Stefin B) [Danio rerio]
CO350278 0.42 1.52 0.99 0.66 2.37 similar to creatine kinase, brain isoform 5 [Danio rerio]
CO352690 0.71 1.35 0.88 0.65 1.23 palmitoyl-protein thioesterase 1 (ceroid-lipofuscinosis, neuronal 1, infantile) [Danio rerio]
CO351636 0.14 1.36 0.89 0.65 6.42 similar to histone protein Hist2h3c1 [Rattus norvegicus]
EV564292 72.10 0.50 0.33 0.65 0.00 cytochrome c oxidase subunit VIa polypeptide 1 [Danio rerio]
EV604462 0.13 1.49 0.97 0.65 7.47 similar to myc-associated fac...
CO352937 0.61 1.36 0.89 0.65 1.46 similar to Cat eye syndrome critical region protein 2 [Danio rerio]
CO354720 0.13 1.21 0.79 0.65 6.22 RIKEN cDNA 1700001L19 [Mus musculus] 
CO354352 0.34 1.35 0.88 0.65 2.55 similar to histone 1, H2bg [Danio rerio]
CO353202 1.07 1.33 0.87 0.65 0.81 cytochrome c oxidase subunit VIa polypeptide 1 [Danio rerio]
CO354578 0.44 1.46 0.95 0.65 2.15 selenoprotein T, 1b [Danio rerio]
CO351662 0.52 1.55 1.00 0.65 1.94 unknown
CO351593 0.15 1.30 0.84 0.65 5.66 unknown
CO354556 0.28 1.21 0.78 0.65 2.75 unknown
CO350720 0.32 1.45 0.93 0.65 2.93 similar to CG16838-PD, isoform D [Danio rerio]
CO349767 0.01 1.38 0.89 0.64 89.13 similar to Scube1 protein, partial [Danio rerio]
EV559001 0.16 1.56 1.00 0.64 6.32 unknown
EV564645 0.32 1.31 0.84 0.64 2.59 unknown
CO350536 0.31 1.37 0.88 0.64 2.87 similar to SH2 domain containing 3A [Danio rerio]
EV605040 0.25 1.37 0.88 0.64 3.57 NHP2 non-histone chromosome protein 2-like 1 [Danio rerio]
CO349868 0.01 1.54 0.98 0.64 98.50 similar to G2/mitotic-specific cyclin A isoform 1 [Danio rerio]
CO350786 0.13 1.36 0.87 0.64 6.57 KIAA0101 [Homo sapiens]
EV564892 0.33 1.17 0.74 0.64 2.27 hypothetical protein LOC405837 [Danio rerio]
EV557225 0.28 1.48 0.94 0.64 3.40 similar to adenylyl cyclase-associated protein 2 [Danio rerio]
CO350005 0.80 1.36 0.86 0.64 1.07 calcyclin binding protein [Danio rerio]
CO350201 0.28 1.41 0.90 0.64 3.24 submergence induced protein 2 [Homo sapiens]
CO350100 0.14 1.25 0.80 0.63 5.82 RNA binding protein with multiple splicing 2 [Danio rerio]
EV555579 0.25 1.44 0.92 0.63 3.63 unknown
EV603888 0.35 1.44 0.91 0.63 2.61 hypothetical protein LOC447903 [Danio rerio]
CO350081 0.59 1.28 0.81 0.63 1.38 ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit [Danio rerio]
EV603833 0.06 1.47 0.93 0.63 15.60 unknown
CO350964 0.01 1.23 0.78 0.63 78.17 similar to Flap structure-specific endonuclease 1 isoform 1 [Danio rerio]
CO351357 0.30 1.38 0.87 0.63 2.90 methionyl aminopeptidase 1 [Danio rerio]
CO353751 0.23 1.46 0.92 0.63 4.00 similar to cystatin B [Danio rerio]
EV556251 1.11 1.09 0.69 0.63 0.62 hypothetical protein LOC393742 [Danio rerio]
CO350937 0.44 1.18 0.75 0.63 1.70 similar to mitochondrial ribosomal protein S36 [Danio rerio]
EV854549 0.41 1.38 0.87 0.63 2.12 hypothetical protein XP_699081 [Danio rerio]
EV562999 0.03 1.45 0.91 0.63 35.47 unknown
CO351615 0.29 1.64 1.03 0.63 3.57 RNA binding motif protein 4 [Danio rerio]
EV854675 0.67 1.21 0.76 0.63 1.14 hypothetical protein LOC550334 [Danio rerio]
EV562844 0.11 1.51 0.95 0.63 8.50 similar to CG7832-PA [Danio rerio]
CO350240 0.19 1.94 1.21 0.62 6.46 hypothetical protein LOC497395 [Danio rerio]
EV854425 0.24 1.52 0.94 0.62 4.00 hypothetical protein LOC394189 [Danio rerio]
CO353461 0.32 1.17 0.72 0.62 2.24 unknown
CO351748 0.44 1.52 0.94 0.62 2.14 unknown
CO350872 0.25 1.62 1.00 0.62 3.97 TAF9 RNA polymerase II, TBP-associated factor [Mus musculus] 
EV604491 0.15 1.15 0.71 0.62 4.85 unknown
CO354269 0.26 1.56 0.96 0.62 3.73 unknown
EV557060 0.08 1.54 0.95 0.61 11.84 similar to histone H2A [Danio rerio]
EV558586 0.38 1.42 0.87 0.61 2.30 hypothetical protein LOC445500 [Danio rerio]
EV564099 1.94 1.08 0.66 0.61 0.34 similar to pim-1 oncogene [Danio rerio]
CO353693 0.11 1.30 0.80 0.61 7.31 similar to fibronectin type III and SPRY domain containing 1 isoform 2 [Danio rerio]
EV563087 1.23 1.09 0.67 0.61 0.55 similar to FCERI [Danio rerio]
EV560062 0.37 1.53 0.93 0.61 2.54 similar to Syntaxin-7 [Danio rerio]
EV559766 0.04 1.40 0.85 0.61 23.35 hypothetical protein LOC97360 [Mus musculus]
CO355317 0.55 1.57 0.95 0.61 1.74 FKSG14 protein [Homo sapiens]
EV558258 0.05 1.31 0.79 0.61 16.68 dynein light chain (10.3 kD) (dlc-1) [Danio rerio] 
EV555759 0.47 1.43 0.86 0.60 1.81 similar to proton-associated sugar transporter A [Danio rerio]
BLASTxGenBank ID
Table S3: List of 146 genes that were more than 1.5-fold downregulated in QVD-treated 
compared to Control-F individuals. These genes were derived from a 1-Way ANOVA (p-value < 
0.01 with Benjamini and Hochberg multiple testing correction) performed on all genes on the 
Gonad Uniclone Microarray. Median normalized intensities of all biological replicates within 
each group are indicated. Ratios of median normalized intensity of QVD-treated against Control-
F (QVD/Ctrl-F) and against Control-M (QVD/Ctrl-M) are also shown.  
 
 XII 
Control-M Control-F QVD Ratio Ratio
Median Median Median QVD/Ctrl-F QVD/Ctrl-M
CO350532 0.01 1.00 1.36 1.37 136.10 zona pellucida glycoprotein 2.3 [Danio rerio]
CO350218 0.01 0.82 1.35 1.65 134.29 (P08640) Glucoamylase S1/S2 precursor (EC 3.2.1.
CO351043 0.01 1.10 1.35 1.23 134.10 zona pellucida glycoprotein 2.4 [Danio rerio]
CO349910 0.01 1.02 1.31 1.28 131.07 zona pellucida glycoprotein 2.3
EV606520 0.01 1.05 1.23 1.17 122.71 unknown
CO350516 0.01 1.00 1.31 1.31 122.57 similar to rho guanine nucleotide exchange factor 5 isoform 1 [Danio rerio]
CO354293 0.01 1.17 1.21 1.03 121.08 similar to phospholipid scramblase 1, partial [Danio rerio]
EV604784 0.01 1.09 1.63 1.49 119.12 similar to carbonic anhydrase 9 [Danio rerio]
CO349791 0.01 1.03 1.19 1.16 117.49 hypothetical protein LOC574007 [Danio rerio]
AF331968 0.01 1.01 1.32 1.30 114.32 zp2
CO350858 0.01 0.97 1.18 1.22 114.09 zona pellucida glycoprotein 3 [Danio rerio]
EV603344 0.01 0.85 1.47 1.74 109.38 similar to F-box only protein 22 [Rattus norvegicus]
EV606109 0.01 1.01 1.09 1.08 108.94 novel protein containing a galactose binding lectin domain  [Danio rerio]
CO350498 0.01 1.00 1.07 1.07 107.25 zona pellucida glycoprotein 2.3 [Danio rerio]
EV854371 0.01 1.01 1.08 1.07 106.09 cyclin A1 [Danio rerio]
EV603839 0.01 1.16 1.05 0.91 104.86 hypothetical LOC557612 [Danio rerio]
AF331968 0.01 1.02 1.14 1.12 104.75 zp2
EV854480 0.01 1.16 1.04 0.89 103.84 similar to glutamate receptor, ionotropic,  [Danio rerio]
EV560504 0.01 1.06 1.06 1.00 103.06 zona pellucida glycoprotein 3 [Danio rerio]
CO349746 0.01 1.08 1.07 0.99 103.01 similar to retinol dehydrogenase 12 (all-trans and 9-cis) [Danio rerio]
EV603188 0.01 0.83 1.21 1.46 102.74 similar to Serine/threonine-protein kinase Pim-2 (Pim-2h) [Danio rerio]
EV561239 0.01 1.24 1.03 0.83 102.65 unknown
CO350723 0.01 1.25 1.02 0.82 102.18 similar to replication-dependent histone H2A [Danio rerio]
CO350225 0.01 1.24 1.02 0.82 102.06 siaz-interacting nuclear protein [Danio rerio]
CO350808 0.01 1.02 1.02 1.00 101.77 hypothetical protein RMT-7 [Rattus norvegicus]
CO350036 0.01 1.14 1.01 0.89 101.14 rhamnose-binding lectin OLL [Spirinchus lanceolatus]
CO350755 0.01 1.05 1.00 0.96 100.02 Danio rerio, clone MGC:55720 IMAGE:3816036, mRNA, complete cds
CO351026 0.01 1.35 1.00 0.74 100.00 unknown
EV559704 0.01 2.37 1.00 0.42 99.97 similar to CDNA sequence BC019806 isoform 2 [Danio rerio]
EV558909 0.01 1.06 1.11 1.05 99.05 unknown
CO350037 0.01 1.08 0.99 0.91 98.57 similar to leucine rich repeat containing 7 [Danio rerio]
CO349868 0.01 1.54 0.98 0.64 98.50 similar to G2/mitotic-specific cyclin A isoform 1 [Danio rerio]
CO350538 0.01 1.04 1.01 0.96 98.04 PREDICTED: hypothetical protein isoform 1 [Danio rerio] >ref|XP_685613.2|
EV561241 0.01 0.98 1.11 1.13 97.96 similar to CG40323-PB.3 [Danio rerio]
EV603732 0.01 1.10 0.98 0.89 97.63 claudin b [Danio rerio]
CO350186 0.01 1.02 0.97 0.95 97.10 rhamnose-binding lectin OLL [Spirinchus lanceolatus]
CO350772 0.01 1.23 0.97 0.79 97.06 unknown
CO350034 0.01 1.10 0.97 0.88 96.66 c-type lectin [Danio rerio] >gb|ABD16187.1|
CO351530 0.01 1.03 1.02 0.99 96.06 similar to CG40323-PB.3 [Danio rerio]
CO350971 0.01 1.05 0.96 0.91 95.57 claudin a [Danio rerio]
CO349912 0.01 1.40 0.94 0.67 93.93 unknown (gez1)
CO350917 0.01 1.23 0.94 0.76 93.69 c-type lectin [Danio rerio]
CO350986 0.01 1.42 1.00 0.70 92.42 similar to Flap structure-specific endonuclease 1 isoform 1 [Danio rerio]
EV557166 0.01 1.18 0.92 0.78 91.97 unknown
EV556631 0.02 1.05 1.44 1.37 91.69 similar to serine/threonine kinase 31 [Danio rerio]
CO351100 0.01 1.02 0.91 0.90 91.48 similar to putative galactose-binding protein isoform 7 [Danio rerio]
EV560230 0.01 1.22 0.91 0.75 91.43 similar to voltage gated channel like 1 [Danio rerio]
CO350080 0.01 1.37 0.93 0.68 90.86 Mus musculus adult male tongue cDNA, 
CO350303 0.01 1.25 0.91 0.73 90.70 similar to RIKEN cDNA 1810031K17 [Mus musculus] [Rattus norvegicus]
EV605351 0.01 1.22 0.89 0.73 89.15 hypothetical protein XP_700525 isoform 1 [Danio rerio]
CO349767 0.01 1.38 0.89 0.64 89.13 similar to Scube1 protein, partial [Danio rerio]
CO350634 0.01 1.67 0.98 0.58 88.80 zona pellucida glycoprotein 3.1 [Danio rerio]
EV603519 0.01 1.11 0.89 0.80 88.59 similar to chordin-like 2 [Danio rerio]
EV605962 0.01 1.21 0.87 0.72 87.03 novel rhamnose binding lectin [Danio rerio] >emb|CAM56473.1|
CO349940 0.01 1.00 1.04 1.04 86.93 similar to asparagine-rich cocoon silk protein [Danio rerio]
EV854524 0.01 1.36 0.87 0.64 86.89 similar to Phosphorylase b kinase gamma catalytic chain,  partial [Danio rerio]
CO349744 0.01 1.13 1.07 0.95 85.58 beta-microseminoprotein [Saguinus oedipus]
EV561068 0.01 0.95 0.85 0.89 85.00 similar to doublecortin and CaM kinase-like 1 [Danio rerio]
CO350023 0.01 1.24 0.84 0.68 84.32 hypothetical protein XP_701236 [Danio rerio]
EV560294 0.01 0.97 1.07 1.11 84.12 similar to Flap structure-specific endonuclease 1 isoform 1 [Danio rerio]
EV605206 0.01 1.05 0.83 0.79 82.83 similar to Bcl-2-like 13 protein (Mil1 protein) (Bcl-rambo) [Danio rerio]
CO349992 0.01 1.08 1.00 0.92 81.80 similar to Protein C20orf4 homolog isoform 2 [Danio rerio]
CO350473 0.01 1.47 0.81 0.55 81.00 similar to ZPC domain containing protein 1 isoform 3 [Danio rerio]
EV560017 0.01 1.14 1.04 0.91 78.38 novel galactose binding lectin domain containing protein  [Danio rerio]
CO350964 0.01 1.23 0.78 0.63 78.17 similar to Flap structure-specific endonuclease 1 isoform 1 [Danio rerio]
EV559237 0.01 1.23 0.94 0.76 77.45 C-terminal binding protein 1 [Danio rerio] 
EV605191 0.01 1.32 0.94 0.71 76.97 similar to Lysosome membrane protein II (LIMP II), partial [Danio rerio]
EV560150 0.01 0.76 1.06 1.39 76.87 hypoxanthine phosphoribosyltransferase 1, like [Danio rerio]
CO349923 0.01 1.13 0.95 0.84 75.19 similar to pentraxin [Danio rerio]
CO350033 0.01 1.01 1.02 1.01 75.02 similar to Emerin [Danio rerio]
CO350923 0.01 1.10 0.98 0.89 74.53 zona pellucida glycoprotein 2 [Danio rerio]
EV854521 0.01 1.03 0.74 0.72 74.42 kelch repeat-containing protein [Danio rerio]
GenBank ID BLASTx
Table S4: List of 1837 genes that were more than 1.5-fold upregulated in QVD-treated compared to 
Control-M individuals (over 300 genes shown). These genes were derived from a 1-Way ANOVA (p-
value < 0.01 with Benjamini and Hochberg multiple testing correction)  performed on all genes on 
the Gonad Uniclone Microarray. 
 XIII 
EV854394 0.03 1.13 1.03 0.92 32.77 similar to CCCH zinc finger protein C3H-1 [Danio rerio]
CO349799 0.03 0.94 1.06 1.13 31.93 Transcription Factor IIIA (Factor A) (TFIIIA)
EV606056 0.04 0.80 1.28 1.60 31.66 sorting nexin 12 [Danio rerio]
CO353304 0.03 1.18 1.00 0.85 31.64 hypothetical protein XP_704199 isoform 18 [Danio rerio]
CO350990 0.04 0.99 1.29 1.30 31.31 similar to egg-specific protein [Gallus gallus]
CO349995 0.03 1.17 0.88 0.75 31.08 similar to ZP1-related protein, partial [Danio rerio]
EV604369 0.03 0.99 1.03 1.04 30.40 similar to mammary tumor virus receptor 2 (predicted) [Danio rerio]
CO350088 0.03 1.27 0.92 0.73 30.04 one-eyed pinhead [Danio rerio]
CO350377 0.04 0.94 1.34 1.42 29.77 MID1 interacting protein 1 [Danio rerio]
CO351198 0.03 1.36 0.95 0.70 29.62 similar to histone 1, H2bg [Danio rerio]
CO353295 0.03 1.06 1.01 0.96 29.14 similar to vascular endothelial growth factor A [Danio rerio]
EV606173 0.04 0.95 1.15 1.21 28.93 ZPA domain containing protein [Danio rerio]
CO349925 0.04 1.35 1.09 0.81 28.47 splicing factor 3b, subunit 4 [Danio rerio]
EV556284 0.04 1.04 1.19 1.14 27.97 DnaJ (Hsp40) homolog, subfamily B, member 11 [Danio rerio]
CO350242 0.04 1.09 0.99 0.91 27.59 hypothetical protein 4631410M14 [Mus musculus]
EV560955 0.04 1.50 1.03 0.68 27.25 unknown
EV561475 0.04 1.02 1.18 1.15 26.67 ribosomal protein L27 [Danio rerio]
EV555500 0.04 0.98 1.08 1.11 26.65 similar to Ribonuclease H1 [Rattus norvegicus]
EV604706 0.03 1.31 0.74 0.57 26.59 preproinsulin [Danio rerio]
CO355176 0.04 1.05 1.02 0.97 26.39 similar to CG7220-PB, isoform B [Danio rerio]
EV605793 0.04 0.98 1.03 1.05 26.35 NO145 protein [Xenopus laevis]
CO349911 0.03 1.07 0.90 0.84 26.20 hypothetical protein XP_700269 [Danio rerio]
EV605138 0.04 1.00 1.07 1.07 26.05 osteoclast stimulating factor 1 [Danio rerio]
EV603414 0.04 1.13 0.97 0.85 25.92 selenoprotein H [Danio rerio]
EV604332 0.03 1.20 0.85 0.71 25.73 unknown
EV555460 0.05 1.03 1.24 1.20 25.51 similar to 1-phosphatidylinos…
CO350568 0.04 1.00 1.02 1.02 24.94 islet1 [Danio rerio]
EV560034 0.06 1.06 1.37 1.29 24.69 similar to solute carrier family 16, member 7 [Danio rerio]
CO349732 0.06 0.98 1.41 1.44 24.56 unknown
EV560979 0.04 1.53 0.88 0.58 24.19 hypothetical protein XP_694548 [Danio rerio]
EV557155 0.06 1.01 1.38 1.36 24.07 unknown
EV557650 0.05 1.36 1.10 0.81 23.85 similar to glycoprotein (transmembrane) nmb isoform a precursor [Danio rerio]
EV558037 0.05 0.96 1.14 1.18 23.75 unknown
CO350650 0.05 1.02 1.10 1.07 23.46 similar to Dihydropteridine reductase (HDHPR)[Danio rerio]
EV558295 0.05 0.87 1.18 1.36 23.44 ribonucleotide reductase protein r2 class I [Danio rerio] 
EV559766 0.04 1.40 0.85 0.61 23.35 hypothetical protein LOC97360 [Mus musculus]
EV557161 0.04 1.14 0.91 0.80 23.20 unknown
CO350012 0.05 1.04 1.17 1.13 22.93 unknown
EV559308 0.04 1.32 0.91 0.69 22.90 hypothetical protein LOC563220 [Danio rerio]
EV559257 0.04 0.93 0.97 1.05 22.73 unknown
EV603252 0.04 1.10 0.99 0.91 22.70 unknown
CO356024 0.05 1.08 1.04 0.96 22.06 Unknown (protein for MGC:66438) [Danio rerio]
CO349867 0.05 1.02 1.06 1.04 22.06 3-beta-hydroxysteroid dehydrogenase [Danio rerio]
EV605076 0.04 1.36 0.91 0.67 22.01 similar to Transcription elongation factor A (SII) 1 [Danio rerio]
EV604286 0.05 1.08 1.02 0.94 21.84 unknown
EV558455 0.05 0.88 1.14 1.29 21.78 hypothetical protein XP_700002 [Danio rerio]
CO351317 0.06 0.93 1.39 1.49 21.70 similar to putative protein family member (XC177) [Danio rerio]
CO350704 0.04 1.27 0.92 0.72 21.30 similar to alpha 1 type XI collagen isoform A preproprotein [Danio rerio]
CO350015 0.05 1.19 0.99 0.83 21.20 similar to Protein C21orf63 homolog precursor isoform 3 [Danio rerio]
EV559495 0.05 1.14 0.98 0.86 20.87 similar to Pyridoxal phosphate phosphatase (PLP phosphatase) [Danio rerio]
CO351264 0.05 1.25 0.95 0.76 20.72 chromosome 10 open reading frame 45 [Homo sapiens] >dbj|BAC86966.1|
EV561259 0.06 0.92 1.17 1.28 20.70 similar to mKIAA1026 protein [Danio rerio]
EV854368 0.06 0.80 1.21 1.52 20.68 similar to proteoglycan 4; megakaryocyte stimulating factor [Rattus norvegicus]
EV559775 0.07 1.03 1.35 1.31 20.64 similar to Slbp protein [Danio rerio]
EV603088 0.05 1.44 1.08 0.74 20.60 similar to Flap structure-specific endonuclease 1 [Danio rerio]
EV563104 0.05 1.05 0.99 0.94 20.50 similar to FLJ22833 protein [Danio rerio]
CO350632 0.05 1.36 0.95 0.70 20.31 similar to latrophilin 2 [Danio rerio]
CO350746 0.05 1.03 0.91 0.88 19.94 Rattus norvegicus similar to RH26504p
CO355111 0.07 0.84 1.47 1.75 19.86 Serine/threonine protein kinase Eg2-like (p46XlEg22)
EV604085 0.05 1.63 0.95 0.59 19.61 cyclin B2 [Danio rerio]
EV558643 0.06 0.97 1.14 1.18 19.22 paraxis [Danio rerio]
CO350541 0.06 0.98 1.18 1.21 19.09 splicing factor 3b, subunit 5 [Danio rerio]
EV559318 0.05 1.22 0.89 0.73 18.93 unknown
CO354180 0.05 1.16 1.01 0.87 18.86 cyclin A2 [Danio rerio]
CO350099 0.06 1.05 1.06 1.01 18.79 unknown
CO349862 0.06 1.05 1.20 1.14 18.64 hypothetical protein LOC393232 [Danio rerio]
EV604259 0.06 1.28 1.09 0.85 18.46 unknown
CO353005 0.06 1.38 1.03 0.75 18.27 unknown
EV560100 0.06 1.07 1.13 1.06 18.23 unknown
EV604874 0.05 1.25 0.98 0.78 18.17 hypothetical protein XP_688003, partial [Danio rerio]
EV559754 0.07 1.02 1.30 1.27 18.04 similar to lysome associated -mebrane glycoprotein  precursor1 [Danio rerio]
EV604939 0.06 1.08 1.09 1.01 17.91 hypothetical protein LOC450034 [Danio rerio]
EV560387 0.07 0.85 1.20 1.41 17.75 similar to Dihydrouridine syn...
CO351401 0.06 1.23 1.02 0.83 17.74 v-mos Moloney murine sarcoma viral oncogene homolog [Danio rerio]
Table S4: continued.  
  
 XIV 
Control-M Control-F QVD Ratio Ratio
GenBank ID Median Median Median QVD/Ctrl-F QVD/Ctrl-M BLASTx
CO353243 1.47 0.90 0.98 1.09 0.67 ribosomal protein S15a [Danio rerio]
CO353301 1.47 0.95 0.97 1.03 0.66 similar to Rho GTPase activating protein 24 [Danio rerio]
EV562968 1.83 0.85 1.20 1.43 0.66 unknown
EV555727 1.74 0.90 1.14 1.27 0.66 unknown
EV557277 1.58 0.88 1.03 1.18 0.65 fumarate hydratase precursor [Danio rerio]
CO353830 1.49 0.98 0.96 0.98 0.64 similar to HUS1 checkpoint protein [Canis familiaris]
EV559467 1.62 0.88 1.01 1.16 0.62 ribosomal protein L24 [Danio rerio]
CO350944 1.29 1.07 0.80 0.75 0.62 similar to ELAV-like 2 isofor...
CO350467 1.29 1.05 0.79 0.76 0.62 eukaryotic translation elongation factor 1 beta 2 [Danio rerio]
EV556251 1.11 1.09 0.69 0.63 0.62 hypothetical protein LOC393742 [Danio rerio]
CO351708 1.74 0.76 1.06 1.40 0.61 unknown
EV558567 1.91 0.76 1.17 1.53 0.61 MGC75666 protein [Xenopus tropicalis]
CO353757 1.61 0.96 0.98 1.03 0.61 unknown
CO352682 1.91 0.73 1.16 1.60 0.61 small ubiquitin-related protein 1 [Oncorhynchus mykiss]
CO353884 1.47 1.04 0.89 0.86 0.61 unknown
CO353046 2.16 0.61 1.28 2.11 0.59 similar to 40S ribosomal protein S27-2 isoform 2 [Danio rerio]
CO353330 1.33 1.03 0.79 0.76 0.59 unknown
EV605649 2.13 0.68 1.26 1.86 0.59 GDP dissociation inhibitor 2 [Danio rerio]
CO351105 1.71 0.95 1.01 1.07 0.59 annexin 6 [Danio rerio]
CO353299 1.71 0.95 1.00 1.06 0.59 similar to eukaryotic translation initiation factor 3, subunit 6 isoform 3 [Danio rerio]
CO355792 1.51 1.01 0.88 0.88 0.59 similar to Filamin B (FLN-B) (Beta-filamin) (Actin-binding like protein) [Danio rerio]
EW680229 1.52 1.06 0.88 0.83 0.58 similar to RAMA1 isoform 2 [Danio rerio]
CO356277 1.50 1.03 0.87 0.84 0.58 unknown
CO355042 1.72 0.99 0.99 1.00 0.58 similar to Vacuolar proton translocating ATPase [Danio rerio]
EV605221 1.83 0.93 1.06 1.13 0.58 H3 histone, family 3A [Homo sapiens]
CO351070 1.85 0.91 1.06 1.16 0.57 similar to H63 breast cancer expressed gene isoform a [Danio rerio]
EV606155 1.81 0.87 1.04 1.19 0.57 ubiquinol-cytochrome c reductase core protein II [Danio rerio]
CO349737 1.61 1.02 0.92 0.90 0.57 glycine dehydrogenase [Danio rerio]
CO354323 1.43 1.03 0.81 0.79 0.57 unknown
CO356260 1.68 0.99 0.96 0.97 0.57 similar to F-actin capping protein alpha-1 subunit (CapZ alpha-1) [Danio rerio]
CO355123 1.62 1.00 0.92 0.92 0.56 citrate synthase [Danio rerio] >gb|AAH45362.1| Citrate synthase [Danio rerio]
CO354757 1.73 0.99 0.98 0.99 0.56 TIA1 cytotoxic granule-associated RNA bi...
CO351534 1.75 0.82 0.98 1.19 0.56 hypothetical protein LOC553787 [Danio rerio]
CO351704 2.19 0.84 1.21 1.44 0.55 similar to CDNA sequence BC027309 [Rattus norvegicus]
CO355090 1.71 0.90 0.94 1.05 0.55 similar to nascent polypeptide-associated complex alpha polypeptide [Danio rerio]
CO354400 1.72 0.93 0.95 1.03 0.55 similar to Rsnl2 protein [Danio rerio]
EV603113 1.87 0.98 1.03 1.06 0.55 similar to splicing factor 3b, subunit 1 isoform 1 isoform 1 [Danio rerio]
CO354049 1.77 0.87 0.97 1.12 0.55 similar to CG10739-PA [Danio rerio]
EV603611 1.80 0.75 0.98 1.30 0.55 aminolevulinate, delta-, synthetase 1 [Danio rerio]
CO356286 1.91 0.95 1.05 1.10 0.55 ubiquinol-cytochrome c reductase core protein II [Danio rerio]
EV563087 1.23 1.09 0.67 0.61 0.55 similar to High affinity immunoglobulin epsilon receptor alpha-subunit precursor Danio rerio]
CO356336 1.84 0.92 1.01 1.09 0.55 similar to Ctsd protein isoform 9 [Danio rerio]
CO355284 1.87 0.98 1.02 1.04 0.54 unknown
EV557500 1.84 0.79 1.00 1.27 0.54 similar to F-box only protein 10 [Danio rerio]
CO355630 1.75 0.94 0.95 1.01 0.54 bcl2-associated X protein [Danio rerio]
CO353672 1.69 1.02 0.91 0.90 0.54 similar to  (DAP kinase-related apoptosis-inducing protein kinase 1) [Danio rerio]
CO355716 1.78 0.93 0.96 1.03 0.54 similar to Kallmann syndrome 1a sequence isoform 2 [Danio rerio]
EV555872 1.79 0.86 0.96 1.11 0.54 unknown
EV562919 2.32 0.79 1.24 1.58 0.53 hypothetical protein LOC445124 [Danio rerio]
CO349796 1.94 0.96 1.04 1.08 0.53 similar to 40S ribosomal protein S27-2 isoform 2 [Danio rerio]
EV558046 1.92 0.93 1.02 1.10 0.53 unknown
EV555808 2.34 0.77 1.24 1.61 0.53 unknown
CO353125 1.74 0.97 0.91 0.94 0.52 myeloid leukemia-associated SET translocation protein [Danio rerio]
EV563620 2.06 0.72 1.07 1.50 0.52 hypothetical protein LOC402989 [Danio rerio]
EV557714 1.75 0.87 0.91 1.04 0.52 WD repeat domain 68 [Danio rerio]
CO356246 1.88 0.98 0.97 0.99 0.52 similar to FLJ00281 protein [Danio rerio]
EV565115 1.72 0.98 0.89 0.91 0.52 similar to malate dehydrogenase, mitochondrial isoform 4 [Danio rerio]
CO353506 1.84 0.86 0.95 1.10 0.52 similar to ring finger protein 128 isoform 2, partial [Danio rerio]
CO354603 1.92 0.94 0.99 1.05 0.51 similar to Mitochondrial import inner membrane translocase subunit   [Danio rerio]
CO353303 1.86 0.95 0.95 1.01 0.51 hypothetical protein LOC449786 [Danio rerio]
CO351342 1.94 0.76 0.99 1.30 0.51 myosin, light polypeptide 7, regulatory [Danio rerio]
CO353403 2.54 0.70 1.30 1.86 0.51 cytochrome c oxidase subunit I [Danio rerio]
CO350558 1.87 1.04 0.95 0.91 0.51 similar to Sorting nexin 1 isoform 2 [Danio rerio]
CO354575 2.58 0.83 1.31 1.58 0.51 unknown
CO356250 1.75 0.95 0.89 0.93 0.51 Unknown (protein for IMAGE:5412243) [Danio rerio]
CO351042 1.86 0.96 0.94 0.98 0.50 similar to Thioredoxin-depend...
CO354000 2.08 0.93 1.04 1.12 0.50 PRP38 pre-mRNA processing factor 38 (yeast) [Homo sapiens]
CO355414 1.89 1.01 0.95 0.94 0.50 unknown
CO353335 1.91 0.87 0.95 1.10 0.50 ribosomal protein L24 [Danio rerio]
CO355333 1.84 0.74 0.91 1.24 0.50 annexin A11b [Danio rerio]
EV558569 1.10 1.38 0.54 0.39 0.50 hypothetical protein XP_682942 [Danio rerio]
CO355373 1.97 0.87 0.97 1.11 0.49 unknown
Table S5: List of 483 genes that were more than 1.5-fold up-regulated in QVD-treated compared 
to Control-M individuals. These genes were derived from a 1-Way ANOVA (p-value < 0.01 with 
Benjamini and Hochberg multiple testing correction) performed on all genes on the Gonad 
Uniclone Microarray.    
 XV 
CO353210 2.70 0.98 1.04 1.05 0.38 similar to Interferon-induced 35 kDa protein homolog (IFP 35) [Danio rerio]
EV562740 2.66 0.94 1.02 1.09 0.38 hypothetical protein MGC11034-like protein [Danio rerio]
EV603076 2.64 0.70 1.01 1.43 0.38 hypothetical protein LOC321769 [Danio rerio]
CO351537 2.18 1.01 0.83 0.82 0.38 unknown
EV556307 2.75 0.83 1.05 1.27 0.38 unknown
CO349919 2.11 0.95 0.80 0.85 0.38 similar to WAS protein family, member 3, partial [Danio rerio]
EV555494 2.66 0.94 1.01 1.08 0.38 Ribosomal protein L36A [Danio rerio]
EV605838 2.85 0.74 1.08 1.46 0.38 unknown
CO354068 2.47 0.97 0.93 0.96 0.38 bone morphogenetic protein type II receptor [Rattus norvegicus]
EV564485 2.90 0.72 1.09 1.52 0.38 similar to Im:6902697 protein [Danio rerio]
EV560167 2.97 0.86 1.11 1.29 0.37 unknown
CO356135 2.98 0.86 1.11 1.30 0.37 similar to macrophage expressed gene 1 [Danio rerio]
EV556419 2.54 0.97 0.95 0.98 0.37 similar to hepatic leukemia factor, partial [Danio rerio]
CO350152 2.18 1.10 0.81 0.73 0.37 Danio rerio DMbeta1 mRNA, complete cds
EV563917 1.61 1.02 0.60 0.59 0.37 unknown
EV555311 2.70 0.97 1.00 1.03 0.37 similar to F-actin capping protein alpha-1 subunit (CapZ alpha-1), partial [Danio rerio]
EV555553 2.19 0.98 0.81 0.83 0.37 unknown
EV555923 2.49 0.99 0.92 0.92 0.37 pyruvate dehydrogenase (lipoamide) beta [Danio rerio]
CO350709 2.30 0.86 0.84 0.99 0.37 unknown
CO351538 2.71 0.96 0.99 1.03 0.37 putative ISG12-2 protein [Danio rerio]
EV564137 2.45 1.06 0.89 0.84 0.36 similar to Aspartyl-tRNA synthetase (Aspartate--tRNA ligase) [Danio rerio]
CO351458 3.03 0.84 1.10 1.31 0.36 hypothetical protein LOC447845 [Danio rerio]
EV557258 2.54 0.93 0.93 0.99 0.36 similar to KIAA0232 protein [Danio rerio]
CO356153 2.23 1.13 0.81 0.72 0.36 hypothetical protein LOC393183 [Danio rerio]
EV556781 2.44 1.09 0.89 0.81 0.36 unknown
CO355388 2.33 0.89 0.85 0.95 0.36 unknown
EV557666 2.42 1.00 0.87 0.88 0.36 similar to lysosomal-associated membrane protein 2 precursor [Danio rerio]
EV556898 2.51 0.98 0.90 0.92 0.36 Similar to Plasmodium falciparum glutamic acid-rich protein [Homo sapiens]
CO355512 2.80 0.83 1.01 1.21 0.36 similar to SWI/SNF-related,[Danio rerio]
CO355349 2.50 0.97 0.90 0.92 0.36 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d [Danio rerio]
CO353534 3.67 0.74 1.31 1.77 0.36 unknown
CO354080 2.97 0.54 1.06 1.96 0.36 unknown
CO356053 2.22 1.00 0.79 0.79 0.35  Ba2 globin [Danio rerio]
EV563556 2.52 0.94 0.89 0.95 0.35 unknown
CO353094 2.49 0.82 0.87 1.07 0.35 similar to MGC78790 protein [Danio rerio]
CO356232 2.85 0.98 1.00 1.02 0.35 similar to Serine/threonine-protein kinase Pim-3 [Danio rerio]
CO356104 2.69 0.94 0.94 1.00 0.35 similar to dystrobrevin binding protein 1 isoform a [Danio rerio]
EV557839 2.00 0.96 0.69 0.72 0.35 hypothetical protein XP_701410 [Danio rerio]
CO353236 2.63 0.96 0.91 0.95 0.35 phosphogluconate hydrogenase isoform 1 [Danio rerio]
CO354174 3.42 0.98 1.18 1.20 0.35 similar to integral membrane protein 2B [Danio rerio]
CO353437 3.89 0.73 1.34 1.84 0.34 splicing factor, arginine/serine-rich 6 [Danio rerio]
CO355335 2.19 1.03 0.75 0.73 0.34 unknown
EV564099 1.94 1.08 0.66 0.61 0.34 similar to pim-1 oncogene [Danio rerio]
CO355656 2.76 0.98 0.94 0.96 0.34 similar to glutamate dehydrogenase 1a isoform 2 [Danio rerio]
CO353372 2.11 0.96 0.72 0.75 0.34 unknown
CO352779 2.97 0.92 1.01 1.10 0.34 similar to Ras association (RalGDS/AF-6)  [Danio rerio]
EV605287 3.10 0.86 1.05 1.23 0.34 unknown
EV604282 1.49 0.95 0.50 0.53 0.34 unknown
CO353767 2.71 1.03 0.92 0.89 0.34 unknown
EV564343 3.08 0.86 1.04 1.20 0.34 unknown
CO353339 2.60 1.09 0.88 0.80 0.34 ribosomal protein L24 [Danio rerio]
EV555855 3.29 0.69 1.10 1.60 0.34 similar to complement component C7-2 [Danio rerio]
CO354622 2.71 0.82 0.90 1.10 0.33 unknown
EV564341 2.48 0.88 0.82 0.94 0.33 LOC553481 protein [Danio rerio]
CO353114 2.74 0.73 0.91 1.25 0.33 unknown
CO355677 2.59 0.99 0.86 0.87 0.33 similar to Exocyst complex component Sec15B [Danio rerio]
EV605281 3.12 0.97 1.03 1.06 0.33 X-prolyl aminopeptidase (aminopeptidase P) 1, soluble [Danio rerio]
EV563810 2.94 0.89 0.97 1.09 0.33 similar to CG10011-PA [Danio rerio]
CO353191 3.84 0.49 1.26 2.57 0.33 cytochrome c oxidase subunit I [Danio rerio]
CO352675 2.85 0.90 0.94 1.04 0.33 similar to c-Mpl binding protein isoform b, partial [Danio rerio]
CO356215 2.86 0.99 0.94 0.95 0.33 similar to cAMP response element modulator tau alpha gamma [Danio rerio]
EV605284 2.81 0.87 0.92 1.06 0.33 unknown
CO352974 3.08 0.87 1.01 1.16 0.33 E4tf1-60 transcription factor [Danio rerio]
CO354218 5.16 0.70 1.68 2.41 0.33 NADH dehydrogenase subunit 4 [Danio rerio]
CO354047 3.26 0.85 1.06 1.24 0.32 similar to Nebulin [Danio rerio]
EV603914 2.65 0.92 0.85 0.93 0.32 glial fibrillary acidic protein [Danio rerio]
CO355770 2.79 0.99 0.89 0.90 0.32 similar to 26S proteasome non-ATPase regulatory subunit 4 [Danio rerio]
CO355205 2.72 1.04 0.87 0.84 0.32 putative ISG12-2 protein [Danio rerio]
EV555413 3.66 0.74 1.17 1.59 0.32 similar to Moesin (Membrane-organizing extension spike protein), partial [Danio rerio]
CO353486 3.72 0.70 1.19 1.69 0.32 similar to integral membrane protein 2B [Danio rerio]
CO353938 3.25 0.86 1.04 1.21 0.32 diazepam binding inhibitor [Danio rerio]
CO355498 3.23 0.86 1.03 1.19 0.32 hydroxysteroid 11-beta dehydrogenase 2 [Danio rerio]
CO355881 2.65 0.98 0.84 0.86 0.32 hypothetical protein LOC550245 [Danio rerio]
CO354069 2.60 0.96 0.82 0.86 0.32 unknown





















































Table S6: Amino acid identity of different domains of zebrafish 


















































- Little skate  Leucoraja erinacea Rajidae 
AAP558
43 
- Spiny dogfish Squalus acanthias Squalidae 
CAG029
75 


























































- Red sea bream Pagrus major Sparidae 
AAO835
72 





























- Goldfish Carassius auratus Cyprinidae 
EF42791
5 
- Zebrafish Danior rerio Cyprinidae 
Ar beta Ar alpha 
GenBank ID Common name Latin name Family 













































AAI20722 16 Mouse Mus musculus 
BAB62932 21 Macaque Macaca 
 
AAH40280 20 Human Homo sapiens 
XP_423016 23 Chicken Gallus gallus 
ENSXETP00000023420 21 Frog Xenopus levis 
ESTs: DW561316, 
 
29  Salmon Salmo salar 




EST: EG537911 (partial 
 
51 Roach Rutilus rutilus 
EF554575 100 Zebrafish Danio rerio 









Table S9: Amino acid identity of DNA binding domain (DBD) and its 
mammalian orthologs and HSFL  






































































       Table S10: Hsf5 proteins isolated or predicted from vertebrate species  
 XXI 
 XXII 
Figure S2: The relative expression of putative Ar-responsive genes in the 
developing gonad exposed to Flutamide (550 µg/L) from 20-50 dpf shows 
lack of significant differences in comparison to controls. The developing 
testes were isolated immediately following the treatment. The transcripts in 
the real-time PCR were calibrated with internal control, bactin, and 
normalized (x100%, the value in the control of each gene as 100%) Each 
value is expressed as mean ± SD (n = 5). No significant differences were 
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Figure S3: Structural organization of the zebrafish Scx1 protein and its 
orthologs. Comparative view of the domains of three vertebrate Scx1 
orthologs. Abbreviations for both panels: hs - Homo sapiens; mm - Mus 
musculus; gg - Gallus gallus; xl - Xenopus laevis; om - Oncorhynchus 





























Figure S4: The relative expression of hsf5 remains the same in the adult zebrafish 
testis following heat shock treatment. Fish were kept  at 37 oC  for one hour and 
RNA isolated from the testis. The transcripts in the real-time PCR were calibrated 
with internal control, bactin.  The expression of hsp70 was used as positive control 
for this experiment. Each value is expressed as mean ± SD (n = 3). *Significant 
difference (P<0.01) between the heat shock and non-heat shock control as 







Figure S5. Generation of hsp70::hsf5-en  transgenic zebrafish line. 
Stable transgenic lines were generated by injecting the construct into 
one cell stage embryos using AC/DS transposon system. A) Founders 
were identified by PCR using DNA samples from the tail clips. B) 
Offspring carrying the transgene were heat shocked for one hour at 37 
oC and RNA was isolated from non-gonadal tissue (liver), RT-PCR 
analysis could not detected the expected over-expression of hsf5-en 
fusion transcript.  The expression of hsp70 under heat shock condition 
was used as positive control. Negative control represents non-heat 
shock condition.  
 XXVI 
Figure S6: Histology of gonadal explants. Adult testis and ovary  explants 
were cultured in vitro. HE staining was performed on three days old 
explants. Stages of oocyte: I - perinuclear,  II - cortical alveolus and III - 
vitellogenic. Abbreviations: psc, primary spermatocyte; scc, secondary 
spermatocyte; and spz, spermatozoa . 
 XXVII 
Figure S7: The relative expression of some genes in the testis explant. RNA 
was isolated from testis explant after 24 h while the freshly isolated testis 
was used as control. The transcripts in the real-time is normalized by the 
expression of rpl8 and calculated as x100%, the value in the control of each 
gene as 100%. Each value is expressed as mean ± SD (n = 2). *Significant 












































































Figure S8: The relative expression of potential ar-responsive genes in response to 
Flutamide in an ovary explant, following a 48 hours treatment in culture, The 
transcripts in the real-time PCR were calibrated with internal control, bactin and 
normalized (x100%, the value in the control of each gene as 100%) Each value is 
expressed as mean ± SD (n = 3). No significant difference was found when 


























































Figure S9: The relative expression of wt1a and wt1b in adult zebrafish tissues. The 
transcripts in the real-time PCR were calibrated with internal control, 18S and 
normalized. Each value is expressed as mean ± SD (n = 3).  
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